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Foreword

For ten years, Mike Gurr has written his nutrition article in
Lipid Technology, amountinginall tonearly 60 articles. Thesehaveaways
been well received and have been one of the attractive features of the
magazine. Hewritesclearly and carefully andwith alight touch sothat even
those who might oppose his conclusions recognise his underlying
knowledge, his ability, and the power of his arguments. It has now been
agreed that all these articles should be organized into asingle summarizing
volumewherethey can be presented systematically, revising and updating
only wherethisisnecessary. Theresultisapowerful and critical survey of
important aspects of lipid nutrition which will be appreciated by
Lipid Technology readers and should be compulsory reading for those not
familiarwiththeoriginal articles. It al sorepresentsaconvenient presentation
of material spread through almost 60 issues.

Since 80% of the global production of oilsand fats— now exceeding
100 million tonnes — is consumed as food and a further 6% is eaten by
animalsto producemorehumanfooditisnot surprising that nutritionisone
of the active areasin lipid science. Older aspects of this field such asthe
effectsof saturated acidscontinueto beinvestigated while new aspectslike
conjugated linoleic acid provide excitement. What are our dietary needs?
How do lipids as awhole and lipids asindividual compounds affect usin
respect of health and disease? These areimportant questions which attract
alot of attention. Most commentators — whether they be review writers,
government healthcommittees, or contributorsto newspapersor magazines
— are recycling what others have written, generally without careful
assessment of the original articles. We are told what has been discovered.
All the caveats of the original authors have got lost, suggestions become
facts, argumentsare ssimplified, and possibilities become certaintieswhich
arerepeated and re-presented until they are part of received wisdom and no
longer questioned.

Mike Gurr belongs to that small group of writers who is not content
with second-hand opinion but goes back to the original papers, reads them

Copyright © 1999, 2009 PJ Barnes & Associates



carefully, and re-assesses the conclusions on the basis of his extensive
knowledgeof nutritional science. Hisconclusionsaresometi mesunexpected
and do not always accord with the nostrum of the day. They are always
thoughtful and merit careful consideration.

There is a growing awareness that some of the early nutrition
experiments were not of the best design, that conclusions sometimes went
beyond the experimental evidence, that the lipid hypothesis for
cardiovascular disease, for example, is far from the whole story, and that
early conclusions about cholesterol and saturated acids need to be
reconsidered. Lipid Technology is pleased to have contributed to the new
thinking through Mike Gurr’ swriting over 10 yearsand isproud to present
thisvolumeof collected revised papersinthebelief that they will contribute
powerfully to the on-going debate.

Frank Gunstone
Editor, Lipid Technology
April 1999, Nether Rumgally
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Preface

Between 1989 and 1998, | contributed regular articles to Lipid
Technology on nutritional aspects of lipids. Together these provideaclear
picture of the development of conceptsin lipid nutrition during this time
and highlight some important advances in research in six main areas:

eInfluence of dietary lipids on blood lipid and lipoprotein concentrations.
*Dietary lipids and cardiovascular diseases.

*Nutritional significance of lipid peroxidation.

*Importance of polyunsaturated fatty acids in nutrition.

*Dietary lipids and weight control.

eLipidsin foods and raw materials.

To provide coherent summaries for those interested in these topics, |
have grouped together the Lipid Technology articles under these different
headings, editing and updating where necessary. Some early articles have
been omitted or considerably truncated where the material had become
outdated and superseded by later articles.

Many articles did not fall neatly into these topics. These have been
edited into the text of different chapters to provide introductory or
background material (e.g. digestionand assimilationof lipids, consideration
of dietary reference values, lipids and cancer). In the chapter on ‘Lipidsin
foods and raw materials’ | have grouped together such topics aslipidsin
meat, milk, infant foods, palm, or lipids of special interest (e.g. plant
sterols, short-chain and medium-chain fatty acids).

For those who have not been regular readers of my Lipid Technology
articles, | should point out that my interpretation of the scientific evidence
for the significance of dietary lipidsinthe development of diseasessuch as
heart disease, often differs considerably from those of my nutritionist
colleagues. It certainly differsfrom the‘ consensusview’ adopted by most
public health bodies. Shortly beforeputting pento paper for oneof my Lipid
Technology articles, | was present at a meeting on new aspects of fats
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processing attended by people from thefats and oilsindustry. At dinnerin
the evening, my neighbour, by way of making conversation said “I enjoy
your articlesinLipid Technology” . My faceglowed with pleasure; everyone
likes praise! He continued: “1 particularly like their facetious style”. My
facefell. My dictionary defines facetious as “ characterized by flippant or
inopportune humour™. It certainly has not been my intention to be flippant
or that my articles have anything other than serious scientific intent,
athough | hope they also make enjoyable reading. It is quite intentional
however, that many of these articles are imbued with a certain scepticism
(sceptical: “inclined to questionthetruth or soundnessof accepted opinions’
— my dictionary again!). Thereason for thisisthat nutritionisadiscipline
which, aswell asbeing underpinned by several fundamental sciencessuch
as chemistry and physiology, aso has distinct sociological attributes since
it impinges necessarily on all our lives. It istherefore a subject in which it
isall too easy to stray away from strict scientific reasoning, atopiconwhich
| have expounded in another journal (1). It has been my intention in these
papers to examine critically the credentials of some popular beliefs about
nutrition that have entered or arein danger of entering folklore, rather than
to present bland and uncritical regurgitations of theliterature. | have taken
painsto try to point out why interpretations may differ so widely.

I hope that these ‘collected works' will provide a useful source of
reference material on important lipid nutrition topics as well as
being ‘agood read’.

M.1.Gurr
St Mary’s, April 1999

Reference
1. Gurr, M.I. (1994) Biologist, 41, 191-194.
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Chapter 1

The Influence of Dietary Fats on the
Concentrations of Lipids carried in the
Blood and the Significance for Health

The first part of the chapter describes the digestion and absorption of
lipids. Biochemical reactions normally occur in an aqueous medium.
As lipids are insoluble in water, special strategies are needed for their
metabolism, including the processes of digestion, absorption and transport.
Thuslipase, the enzyme that digeststriacylglycerols by hydrolysing the ester
bonds, rel easing fatty acids, acts at the oil/water interface of large emulsified
lipid droplets. The monoacylglycerol and fatty acid productsof digestion then
form mixed micelles with phospholipids and bile salts but the details of the
way in which the digestion products pass from these micelles to traverse the
gut wall are still unclear. After their reassembly in the cells lining the gut,
triacylglycerols are coated with phospholipids and a specific protein to
stabilize themin the bloodstream. The protein moiety also acts as a means of
identification so that the lipoproteins can be recognized by specific cell
surface receptors which direct their further metabolism.

The nature of the dietary fat influences the concentration of cholesterol
and of the various cholesterol-carrying lipoproteinsin the blood. In general,
saturated fatty acidstend to raise and polyunsatur ated fatty acidsto lower the
concentration of blood cholesterol. Several decades of research have enabled
equations to be devised, which predict changes in blood cholesterol and the
lipoproteins from knowledge of the changes in dietary fat composition.
The value and shortcomings of these equations are discussed.

Several sections then describe in more detail the influences of different
typesof saturated and unsatur ated fatty acidsand of chol esterol itself on blood
cholesterol and lipoprotein fractions. For example, chain length has a
profound effect on the capacity of saturated fatty acids to raise plasma total
cholesterol. Only those with chain lengths C,, C, and C are effective.

12’



2 LipipsIN NUTRITION AND HEALTH: A REAPPRAISAL

The extent to which these fatty acids raise cholesterol is dependent on the
concentration of linoleic acid inthedietary mix and possibly interactionswith
other dietary components. As dietary energy from C_, trans monoenoic fatty
acids increases in the range 2-11%, there is a tendency for the blood
concentrations of LDL-cholesterol and Lp(a) to rise and for HDL-cholesterol
to fall. Information on the effects of longer-chain trans fatty acids is needed.
Theinfluenceofthedietary cis-monounsatur atesislessclear; someexperiments
indicatea cholesterol-lowering effect, othersno effect. Itislikely that thelevel
of dietarylinoleic acidisacritical factor in determining the rel ative effects of
saturates and cis and trans monounsaturates. There are clear distinctions
between the effects of the n—6 and n—3 families of polyunsaturated fatty acids
on blood lipids. Whereaslinoleic acid lowersLDL-cholesterol, the n-3 family
tend to lower VLDL, the triacylglycerol-rich lipoproteins.

Advice on healthy eating usually includes the exhortation to reduce
dietary fat consumption to 35% of total energy intake or less. Thisis sound
advice for those with a current or potential weight problem but it is usually
implied that total fat reduction will of itself also lead to a significant reduction
in blood cholesterol. Few studies have addressed the question whether fat
reduction alone will decrease blood cholesterol without having also changed
fatty acid composition, which confusestheissue. A recent study clearly shows
that if dietary fatty acid composition is maintained constant, dietary fat level
has little or no influence on the concentration of cholesterol in the blood.

Virtually all the classic research on the influence of dietary fats on blood
lipids has examined lipoproteinsin fasting blood samples. Recent interest has
focused on theimmediate effects on blood lipoprotein patter ns of singlemeals
andthesetend to showfew differ encesbetween satur ated and monounsatur ated
fatty acids. Muchresear chhassuggested that changesin plasmaconcentrations
of triacylglycerol-rich lipoproteins following a meal are more relevant to
long-term cardiovascular health than fasting cholesterol values but only
recently havetheseideasbeenthoroughlyinvestigated. Sudiesof postprandial
metabolismshow that a proportion of peoplefailsto clear triacylglycerol-rich
lipoproteins fromthe plasma immediately after a meal. Partial breakdown of
thesefat-rich particlesyields' remnant particles' thatlinger inthebloodstream
and stimulate arterial degeneration. So-called ‘triacylglycerol intolerance’ is
part of a more general metabolic syndromewith a strong genetic basis known
as the ‘atherogenic lipoprotein phenotype'.

Restoration of a more favourable postprandial metabolism may be
achieved by increasing theratio of n—3 polyunsaturated fatty acidsin the diet.
Therole of exercisein normalizing lipoprotein metabolism needs much more
attention from researchers and public health authorities.
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1. INFLUENCE OF DIETARY FATS ON BLOOD LiPIDS 3

Introduction

Chapter 2 discussesthe concept that the concentrations of different lipids
in the blood have a major influence on the development of cardiovascular
disease. At the core of the so-called ‘lipid hypothesis’ isthe ideathat dietary
fatsare, inturn, major determinantsof blood lipid concentrations. Thischapter
describes research that, over the last half century, hasinvestigated diet—blood
lipid relationshipsand their significance. First, it will be useful to describethe
steps preceding the appearance of lipids in the bloodstream, namely the
digestion, and absorption of dietary fats.

Fat digestion and assimilation

The trouble with lipids

Thetroublewith lipidsisthat they do not have the decency to dissolvein
water and Nature hashad to devisecrafty waysof overcomingthisproblem (1).
Nowhereisthismoreapparent thaninthedigestive processand inthetransport
of lipidsin the blood so that they can be delivered to the tissues (Figure 1.1).
Furthermore, thevery fact that lipidsaredefinedin physical terms— solubility
in non-polar rather than polar solvents — means that, unlike amino acids or
sugars, they are a chemically heterogeneous group and require handling in
different ways. Most of what we term ‘dietary fat’ consists of esters of fatty
acids with glycerol (triacylglycerols). Other dietary lipids are also esters
(phosphoglycerides, galactosyldiacylglycerols, cholesteryl esters, retinyl esters)
but some components are non-saponifiable (cholesterol, plant sterols,
cholecalciferol, carotenoids, tocols and many other minor lipid
soluble compounds).

Historically there has been great (and often strident!) debate about the
extent of lipolysis of triacylglycerolsthat is necessary before absorption can
occur (2) and about the way in which the lipid digestion products traverse the
gut wall. It is now well established that lipid esters are amost entirely
hydrolysed before absorption takes place but it is apparent from a recent
excellent review (3) that the question of how fat digestion products migrate
across the intestinal barrier is still largely unresolved.

Early stages of lipid digestion

Fat digestion may be said to begin in the mouth where alingual lipaseis
secreted from glands near the tongue. Most of the hydrolysis probably takes
placeinthestomach at apH of about 4.5-5.5(1,3). Thismay berelatively more
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1. INFLUENCE OF DIETARY FATS ON BLOOD LiPIDS 5

important in the newborn sucking mother’s milk than in children or adults.
A lipaseidentified in human milk reinforces this early digestion and another
enzyme, gastric lipase, may provide yet one more opportunity for partial
breakdown of lipids before the main digestive site in the small intestine is
reached. Themain productsof gastric digestion aretheshort and mediumchain
fatty acidsthat are esterified predominantly at position sn—3 and thereis some
evidence that these can be absorbed directly into the bloodstream
from the stomach.

Digestion in the small intestine

Asthe baby is weaned onto solid food, the major site of digestion shifts
to the upper part of the small intestine, the duodenum, and this remains the
primary site of fat digestion into adulthood (1,3). The stomach still hasarole,
since its churning action creates a course oil-in-water emulsion, stabilized by
phospholipids. Furthermore, proteolytic digestion in the stomach serves to
release lipids from food particles where they are generaly associated with
proteins as lipoprotein complexes. The fat emulsion entering the duodenum
from the stomach mixeswith bile, which suppliesbile saltsand phospholipids,
and pancreatic juice, which supplies lipases.

The enzyme known as pancreatic lipase catalyses the hydrolysis of fatty
acidsfrom positions 1 and 3 of triacylglycerolsto yield 2-monoacylglycerols.
Very littlehydrolysisoccursat position sn—2 and thereislimited isomerization
to 1-monoacylglycerols, which may become substrates for further lipase
action. Theenzymeattackstriacylglycerol moleculesat theoil-water interface
of largeemul sion particlesbut hydrolysiscan only occur after both enzymeand
surfacehavebeenmodifiedtoallowinteraction. Bilesalt mol eculesaccumul ate
onthesurfaceof thelipid particlesdisplacing other surface-activeconstituents.
One side of the rigid planar structure of the bile salt steroid nucleus is
hydrophobic and interacts with the oil surface; the other contains hydrophilic
groupsthat interact with the agueous phase. Bile salts confer anegative charge
ontheoil droplets, which attractsasmall protein, colipase, tothesurface. Thus,
bile salts, colipase and pancreatic lipase interact on the surface to form a
ternary complex, which also incorporates the calcium ions that are necessary
for enzyme activity.

Phospholipase A, present in pancreatic juice asan inactive‘ proenzyme’
is activated by the release of aterminal peptide by trypsin and catalyses the
hydrolysisof thefatty acidin positionsn—2. A pancreatic cholesteryl hydrolase
also cleaves the fatty acid from any ingested cholesteryl esters, and retinyl
esters are also hydrolysed.
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6 LippsIN NUTRITION AND HEALTH: A REAPPRAISAL

Therate at which pancreatic lipase hydrolyses fatty acids from positions
1 and 3 of triacylglycerols depends on a number of physical and chemical
characteristics of the fatty acids. In general, the longer the chain length, the
slower the release. Thus, the rate of hydrolysis of the C,, and C,, fatty acids
found in fish oils, and the erucic acid found in older varieties of rape, for
example, is significantly slower than that of the more common C, and C
acids. Thedegree of unsaturation itself seemsto have minimal influence. Fatty
acidsof shortand mediumchainlengtharerapidly rel eased. Whether short-term
slower rates of hydrolysisof long-chainfatty acidsare nutritionally significant
is amoot point since in the longer term the digestion of almost al dietary
triacylglycerols is complete. However, maldigestion can occur when, in
malnutrition or disease, the pancreas fails to secrete enough lipase, the liver
failsto supply sufficient bileacids, or emul sification of food fatsinthestomach
isinefficient.

Undigestible fats

Chemical bondsother than O-acyl insimpleacylglycerolsarenot attacked
by lipase. Examples are the bonds between fatty alcohols and citric acid in
so-called ‘retrofats', the ester links between fatty acidsand glycerol hydroxyls
in glycerol polyesters, and the ester links between fatty acids and sucrose
hydroxylsin sucrose polyesters. A discussion of the resistance of these bonds
to lipase digestion in regard to the exploitation of non-digestible “fats' inlow
energy foods can be found in Chapter 5.

Absorption of fat digestion products

Short-chain and medium-chain fatty acids (generally those with chain
lengths shorter than C_,) are absorbed across the gut wall as individual fatty
acids. When they enter the bloodstream they are bound to plasmaalbuminin
which form they are transported to the liver, where they are rapidly oxidized
(2). Other fat digestion products (monoacylglycerols, long-chain fatty acids,
lysophospholipids, cholesterol) mixed with bile acids form mixed micelles
with a core of non-polar components and an outer shell of amphiphilic
constituents. Minor non-saponifiablelipids(e.g. fat-sol ublevitamins) partition
into the hydrophobic core. It has always been stated that during absorption
components leave the mixed micelles, migrate across a so-called ‘unstirred
water layer’ adjacent to the brush border membranes and then traverse the
membraneinto the enterocytes (the absorbing cellsthat line the gut), although
no clear description of either part of this two step migration has ever been
given. Recently thiswhole concept has been challenged by the discovery that

Copyright © 1999, 2009 PJ Barnes & Associates



1. INFLUENCE oF DIETARY FATs oN BLoob LiriDs 7

pancrestic lipase actually attaches to the brush border membrane and releases
digestion products to binding proteins present in the membrane (3). Whereas
thisneatly accountsfor the ordered traverse of lipolysisproducts, thetransport
of non-saponifiable compounds from the hydrophobic core still has
to be explained.

Mal absorption can occur, even when digestion is functioning normally,
dueto defectsin the small intestine affecting the absorbing surfaces. Thismay
occur during severe bacterial infection of the gut or sensitization of the gut to
dietary components such as gluten in coeliac disease, or allergens.
Theexcretionof fat inthefaecesisthen massively increased (steatorrhoea) and
10-hydroxystearic acid, formed by bacteria, ispresent in high concentrationin
stools. A major problem in severe fat malabsorption is essential
fatty acid deficiency ().

Resynthesis of absorbed digestion products

Once the digestion products are inside the enterocyte, the cell hasto take
stepsto protect itself from their highly disruptive detergent properties. Thisis
accomplished by their attachment to asmall molecular massfatty acid binding
protein immediately they enter the cell (3). It has been presumed that these
proteins also have a carrier function in taking monoacylglycerols and fatty
acids across the cytoplasm to internal cellular membranes where they will be
reconstituted to triacylglycerols but as yet there is no direct evidence of such
afunction. Indeed theway inwhich lipidstravel around cellsaswell asin and
out of them is still very much a mystery.

Lipid digestion products are reconverted into triacylglycerols in the
enterocyte by sequential esterification of the2-monoacylglycerolstoformfirst
adiacylglycerol and then atriacylglycerol (1,3). There are also enzymes for
re-esterifying cholesterol and lysophosphoglycerides.

Transport of fats in the blood

Thebiological problem of how to transport water-immisciblelipidsinthe
predominantly agueousenvironment of thebl ood hasbeen sol ved by stabilizing
thelipid particleswith acoat of amphiphilic compounds— phospholipidsand
proteins (1,4) — to form lipoproteins. The protein moieties are known as
apolipoproteins and have much more than astabilizing role. They also confer
specificity on the particles, allowing them to be recognized by specific
receptors on the surfaces of cellsin different body tissues and organs, thereby
enabling them to be taken up from the blood and regulating their metabolism.
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8 LippsIN NUTRITION AND HEALTH: A REAPPRAISAL

Thelipoprotein particles that are assembled in the enterocytes during fat
absorption are called chylomicrons. Essentially all the components have been
synthesized or resynthesized in situ (4). The apoprotein, named apo-B,, is
unique to the enterocyte and identifies particles carrying lipids of exogenous
(dietary) origin. From the enterocytes, they enter the lymphatic system before
draining into the bloodstream (4). In well-nourished people who est fairly
frequently, thefirst port of call isthe adipose tissue, where the chylomicrons,
identified by their apo-B,, tag, are depl eted of someof their triacylglycerolsby
the enzyme lipoprotein lipase that lurksin the blood capillaries at the surface
of thetissue. Fatty acids are taken up into the tissue and undegraded * remnant
particles are then picked up by the liver for further processing.

Another typeof lipoprotein (very-low-density lipoprotein, VLDL) carries
mainly triacylglycerolsthat have been synthesized intheliver, asdistinct from
those that are absorbed from the diet. In man, most cholesterol is carried in
smaller particles called low density lipoproteins (LDL ), so-called because the
preponderanceof lipidto protein givesthem arather low density. Another kind
of lipoprotein important in cholesterol transport has more protein than lipid
and is caled a high-density lipoprotein (HDL). All lipoproteins contain
combinationsof cholesterol, chol esteryl esters, triacylglycerols, phospholipids
and proteins but the proportions differ. The different ratios of lipid to protein
confer different densitiesthat allow separationsto be made by centrifugation.

Prediction of lipid and lipoprotein responses to dietary
fat and cholesterol

Background

Detailed scientific study of theinfluencesof different dietary fatsand fatty
acidsonthetypesand concentrationsof li pidsinthe bl ood datesfromthe 1950s
with thework of the USphysiologist, Ancel Keysand others. They fed human
subjects diets that contained different amounts of fat and cholesterol and
differed in fatty acid composition and measured the changes in blood lipids
(mainly total plasma cholesterol) that ensued (5).

From their results, these research workers derived equations that could
predict the change in plasmatotal cholesterol when there were changesin the
saturated and polyunsaturated fatty acid composition of the diet. Current
public headth recommendations about consumption of fats in relation to
coronary heart disease (CHD) risk arestill firmly based on the results of these
studies in conjunction with epidemiological evidence (see Chapter 2).
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Sincethen, many similar dietary studieshave been performed and several
modified prediction equations have been derived. One of the most
comprehensive was published by Howell and colleagues in the American
Journal of Clinical Nutrition (6).

A new meta-analysis

Thestudy of Howell et al. (6) isdescribed asa‘ meta-analysis' . Thisterm
isused when theresultsof several already-published investigationsare pooled
to yield a new overal result. Individua human metabolic studies usualy
involve small numbers of subjects because of the sheer amount of work
regquired and, moreimportantly, the effort required to achieve the compliance
necessary by subjects to make the work, and the conclusionsfromiit, reliable.
They have what is called weak ‘ statistical power’ and the pooling of results
enables that power to be enhanced, making it more likely that effects of
treatments will emerge as statistically significant.

A problem that those who embark on meta-analysis have to contend with
is: which publications should beincluded in the analysis and which excluded?

Clearly, not all published studies are comparable in their design and
objectives, even though al may be to some degree concerned with dietary fat
and blood lipids. For pooled results to be valid, like must be compared with
like. Even if studies are similar in design and scope, some have been
impeccably conducted while others have mgjor flaws that should preclude
their inclusion. The decision to include or exclude publications from the
analysis may be somewhat subjective: appropriate rules must be devised and
therulesareevolving. It isclear that in some analyses abundant care has been
taken whereas others are less rigorous.

There is a notable difference of opinion in regard to the type of study
design that is appropriate when the final objectiveis to use the results as the
basis for advice to individuals or populations about healthy eating. Broadly,
two school sof thought haveemerged. Thefirst, typified by Hegsted (7), argues
that acceptable studies are only those conducted under the most rigorous
conditionsinametabolic ward. The second school (6) believesthat whilesuch
studiesrepresent theideal in scientificterms, they do not properly represent the
conditions of ‘real life', and that the results are not so relevant to practical
dietary recommendations. Thisphilosophy wastheseauthors' mainmotivation
for doing yet another meta-analysis (they citetheresults of at |least five others
in their paper).
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10 LippsIN NUTRITION AND HEALTH: A REAPPRAISAL

Criteria for inclusion in the analysis

Howell and colleagues (6) conducted a literature search on dietary
interventionsin adults, published in English between 1966 and 1994. Dietary
interventions had to be one or more of the following: dietary cholesteral, total
fat, saturated (SFA), mono- unsaturated (M UFA) and pol yunsaturated (PUFA)
fatty acids. Response variables included were: plasma total cholesterol,
low-density, very-low-density and high-density lipoprotein cholesterol,
and triacylglycerols (TAG). This search yielded 12 250 citations which were
reduced to 224 by careful scanning of titlesand abstracts. Theanalysisdid not
include the large clinical trials involving multiple risk factors (established to
examine the feasibility of modifying CHD risk), studies aimed at weight
reduction and experiments with fish oils, trans fatty acids and
hydrogenated fats.

The analysis differed from most previous ones in including a larger
number of studiesthat involved subjectsfollowing the prescribed dietsin their
own homes (75%) as well as those conducted under laboratory or metabolic
ward conditions (25%). The authors made careful note of the conditions under
which the studies were conducted, their design and the characteristics of the
subjects. They were able to adjust for many potential confounding factors or
test for interactions between different factors when they developed their
mathematical model sand predictive equations. For example, they wereableto
investigatetheeffectsthat might havebeeninduced by having peopleof widely
different ages or with widely differing initial total cholesterol concentrations
in the studies included in the analysis, or for the different effects that might
have resulted of the lengths of the studies, which ranged from one day
to six years.

Predictive equations

From their wide-ranging analysis, the authors derived equations that
predict the changein blood lipid or lipoprotein fraction that will occur over a
period of time when dietary fat components are changed. Only dietary terms
that had statistically significant effects on blood componentswereincludedin
the equations (see Box 1).

Qualitatively, the predictionsare similar tothose of Keys(8) and Hegsted
(9) inthe 1960s: the maininfluences on plasmatotal cholesterol were SFA and
PUFA. SFA weretwice as effective at raising total cholesterol as PUFA were
in lowering it. According to this analysis, current guidelines would lead to
about a 5% reduction in average total cholesterol. For those with higher than
average total cholesterol, the reduction would be proportionately less.
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ATC = 49.599ASFA — 23.274APUFA + 0.5741 ADC
ALDL-C = 46.755ASFA —12.801 APUFA

AHDL-C = 7.422ASFA +4.965ATF

ATAG = 0.1626ADC - 12.035APUFA — 10.376ATF

Box 1.1. Equations predicting the change in blood lipid or lipoprotein
fraction that will occur over a period of time when dietary fat
components are changed. Derived by Howell etal. (6). In these
equations, changes in blood components are expressed in units of
micromolesper litre; changesin dietary componentsare as percentage
of total energy except for DC, which is expressed as mg per day.
DC = dietary cholesterol; TF = total fat; SFA = saturated fatty acids;
PUFA = polyunsaturated fatty acids, TC = plasma total cholesteral;
LDL-C = low-density lipoprotein cholesterol; HDL-C = high-density
lipoprotein cholesterol; and TAG = triacylglycerols.

Dietary cholesterol

Although there was an effect of dietary cholesterol on total cholesteral, it
wasweak (Keys' original 1957 equation (5) did not contain aterm for dietary
cholesteral but his 1965 equation did). This analysis predicted a decrease of
only 0.057 mM total cholesterol (2.2 mg/dl) when dietary cholesterol was
reduced by 100 mg per day. In the authors' list of comparable studies, the
Hegsted equation of 1965 (9) stands out as being the only one to predict a
substantial effect of dietary cholesterol on plasma cholesteral.

Thesenior author’ sownwork (10) hasshownthat inamajority of people,
homeostatic mechanisms operate to maintain blood cholesterol within a
certain range. This occurs by feedback inhibition of cholesterol biosynthesis
intheliver by dietary cholesterol. When dietary cholesterol is abundant, liver
biosynthesis is shut down; conversely, when there is little cholesterol in the
diet, the enzymes of cholesterol biosynthesis increase in activity to maintain
a supply of cholesterol for membrane structures, synthesis of bile acids and
steroid hormones. These people are the so-called non-responders; in othersfor
whom homeostatic mechanisms are less precise, blood cholesterol responds
much more to increases in dietary intake. Interestingly, the effect of dietary
cholesterol on LDL wasnot significant. | suspect thiswas mainly because the
number of studiesinwhich LDL was measured was small in comparison with
thosethat recorded total cholesterol, with consequent loss of statistical power.
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12 LipipsIN NUTRITION AND HEALTH: A REAPPRAISAL

Saturated fatty acids

Theinfluence on SFA onboth total cholesterol and L DL -cholesterol was
consistent with previous findings, although weaker than previous equations
have predicted. This study did not seek to distinguish the effects of SFA with
different lengths of carbon chain. Although this is a drawback because we
know that there are large differences (see later section), it is understandable
since few studies investigated chain length effects and the statistical power
would havebeenweak. Few predictiveequationshavepreviously beenderived
for HDL-cholesterol and it is noteworthy that the concentration of this
lipoprotein fraction was mainly influenced by total fat and SFA.

Whereasthesefactswere known, their significancefor dietary advice has
certainly not been sufficiently appreciated or stressed. The main scientific
justification for dietary adviceto reduceintakes of SFA hasbeen thelowering
of LDL-cholesterol predicted by the metabolic studies discussed above.
A raised LDL-cholesterol is regarded as a major risk factor for CHD
whereasaraised HDL -cholesterol i sthought to protect against thedevel opment
of the disease. Most metabolic studies that contributed to concepts of risk
reductionthroughdietary fatty acid modificationrecorded only total cholesterol
rather than LDL-cholesterol and it has been assumed that total cholesterol
could be used legitimately as a surrogate for LDL-cholesterol. However, the
analysis of Howell and colleagues underlines the fact that reduction of SFA
should also reduce HDL -cholesterol. In other words, reducing SFA intakes
will reduce risk through its lowering of LDL-cholesterol but not nearly so
much as has been assumed because of the concomitant counteracting effect on
HDL-cholesterol.

Monounsaturated fatty acids

It isnoteworthy that none of the predictive equations contained aterm for
MUFA, indicating that these fatty acids had no significant effects on blood
concentrations of lipids and lipoproteins. This is important in view of the
intense interest in the past few years on the dietary influence of MUFA (see
later section) and the preoccupation with the health-giving properties of olive
oil and the ‘Mediterranean diet’. The authors did not comment on this
controversy in their discussion.

Clearly, whenachangeismadein onetypeof fatty acid at constant energy
intake, the contribution of another type of fatty acid will also change. MUFA
usually makethelargest dietary contribution of any fatty acid type and thelack
of asignificant contribution to bloodlipidsmay s mply reflect therelatively minor
changes that occurred in this fraction in the studiesincluded in the analysis.
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Polyunsaturated fatty acids

Asexpected, PUFA featured as ahighly significant cholesterol-reducing
term in the equationsfor total cholesterol and LDL- C. Whereas some studies
have suggested that the lowering effect of PUFA disappears at about 6% of
dietary energy, this analysis did not find any such limiting concentration.
Surprisingly, PUFA also appeared as asignificant but weak term in regard to
lowering blood TAG concentration. This may reflect the well established
triacylglycerol-lowering effect of n—-3 PUFA (see Chapter 4). However, thisis
not entirely clear, since the authors excluded studies on fish oils so that the
PUFA term in their equations must mainly reflect the effects of n—6 PUFA,
which have not normally been regarded as triacylglycerol-lowering.
This illustrates the distinct disadvantage of not distinguishing the types of
PUFA. Onceagain, the authors had to deal with the studiesthat wereavailable
and few of thesewould havedistinguished different PUFA families. However,
it seems likely that in future, more attention will need to be given to the
differential effects on blood lipid fractions of different types of PUFA.

Total fat

Tota fat occurred asadietary termin the equations predicting changesin
HDL-cholesterol and TAG. Thisis consistent with the well known tendency
for low fat/high carbohydrate dietsto lower HDL -cholesterol and raise TAG.
It has been convincingly demonstrated that total fat does not affect total
cholesterol or LDL-cholesterol when theratio of SFA to PUFA ismaintained
constant (see later section). It is debatable whether a predictive equation for
fasting TAG is useful. The modern concept is that a prolonged elevation of
TAG immediately after a meal is an important indicator of CHD risk, not
fasting TAG (see later section and Chapter 2).

Conclusions

A problem with predictive equations is that they represent average
responsesof largenumbersof people, whereasindividual srespondinmarkedly
different ways to changes in dietary fatty acids and cholesterol (see later
section). Such responses depend very much on the ability of the body’s
homeostatic mechanisms to damp down the more extreme effects of dietary
change by re-directing body fat metabolism. Howell and colleagues (6), after
al their meticulous analytical work, concluded that “The data supporting a
relation between dietary fat and cholesterol intake and elevated plasma lipid
concentrations should be evaluated not as mean values but on the basis of
individual patient responses’. Such a philosophy will be anathema to those
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14 LipipsIN NUTRITION AND HEALTH: A REAPPRAISAL

public health professionals who argue that advice to populations is more
effective than to individuals.

A problemwith giving specific adviceto individua swho need treatment,
rather than to whol e populations many of whom do not, isin identifying who
needs (dietary) treatment. Widespread screening is expensive. Plasma
cholesterol isoneof many risk factorsfor CHD and themost appropriateaction
may be for general practitioners to identify diet-responsive individuals only
whentheir patientsal so have sufficient other risk factors: high blood pressure,
excessivesmoking, lack of exercise, central obesity and poor glucosetol erance.

Having described the derivation of a general set of equations, based on
decades of research, that can be used to predict average responses of blood
lipidstodietary lipids, | will now describe, in alittlemoredetail, the responses
of blood lipids to each of the different classes of dietary fatty acids and to
cholesterol and total fat intake.

Cholesterol in the diet and in the blood: a more
detailed appraisal

What is cholesterol?

Cholesterol is a natural substance that belongs to a class of
biologically-important chemical compounds, the sterols, characterized by a
basic structure of four rings of carbon atomsto which are attached a hydroxyl
group and ahydrocarbon side-chain (1). Thering structure givesthe molecule
rigidity and, together with the side chain, confers fat-like or hydrophobic
gualities rendering the molecule insoluble in water. The hydroxyl group
confers a degree of chemical reactivity on the molecule. For example, fatty
acids can combine with the hydroxyl group to form cholesteryl esters.

Where do we find cholesterol?

Different sterols are characteristic of different organisms. Cholesterol is
an important component of the body tissues of most animals, whereasitisrare
in plants and absent from microorganisms. It is present in all animal cell
membranesasthefree sterol andin the blood in the form of cholesteryl esters.
Itisalso dissolved in fat deposits, such as the adipose tissue and in lipids that
accumulatein liver, muscle, some other organs and the walls of blood vessels
as part of adisease process. The human body contains rather more than 100 g
of cholesterol and most foods of animal origins contain some cholesterol.
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Where does the human body obtain its cholesterol?

About three-quarters of the body’ sneed for “new” cholesterol every day
ismadein the body (approximately 750 mg) and about a quarter (250 mg) is
obtained from thediet. Many organsin the body synthesize cholesterol (1) but
most ismade by theliver. The 27 carbon atomsin cholesterol arederived from
the simple substance acetic acid which arises from the breakdown of the
dietary carbohydrates. The synthesis takes place in nearly 40 steps, each
catalysed by adifferent enzyme. Oneparticular enzymeiscontrolled sothat the
body producesnot toolittleand not too much. All dietsexcept themost strictly
vegan contain cholesterol andinthe UK theaveragedaily intakeisabout 350—
450 mg. Eggs are the most highly concentrated source, each containing about
300 mg. Other major sources are fats of animal origin such as lard, butterfat,
fish and meats of &l kinds.

Cholesterol is relatively poorly absorbed and only about half of what is
present inthe normal diet isabsorbedinto theblood. Thereare, however, wide
differences between the capacities of individuals to absorb and metabolize
cholesterol. That which is absorbed into the blood from the food is “sensed”
by the tissues that make cholesterol and by this means, the total amount
synthesized by the body can bereduced so asto keep overall body levelsfairly
constant. Some people’ s capacity for regulation of cholesterol metabolismis
so defective that severe over-production occurs leading to tissue
damage and disease.

What is the importance of cholesterol?

The main function of cholesteral in its native form is as a component of
biological membranes (1). The backbone of a membrane is adouble layer of
lipidsintowhichthevital proteinsareinserted. Themembrane can bestretched
and compressed and this flexibility, or ‘fluidity’ as biologists cal it, is
determined by thephysical propertiesof thelipids. Cholesterol playsakey role
inregulating fluidity: too much and the membraneistoorigid, toolittleand the
membrane is too flexible to function properly. Of al the sterols occurring in
nature, only cholesterol will allow animal membranesto function asrequired.
Therefore, cholesterol iswhat we call an ‘ essential metabolite’ for without it
our bodieswould not function properly and we would die. It is not, however,
an essential nutrient, since it can be made by the body and need not be present
in the diet.

Cholesterol isa so important for the formation of bile saltswhich behave
as emulsifiers, solubilizing the dietary fats so that they can be digested and
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absorbed in the small intestine. It is the starting point for the formation of a
multitude of steroid hormones such as the male and femal e sex hormones and
can aso be converted, in the presence of the sun’s ultraviolet light, into
vitamin D in the skin.

How is cholesterol delivered to where it is needed?

Whether cholesterol is absorbed from the diet or produced by theliver, it
hasto betransported in the body to whereitis needed. Itsinsolubility in water
poses a severe problem, which has been overcome in the body by combining
it with specific proteins that render it soluble. The range of lipoproteins so
formed was discussed in an earlier section.

LDL carry cholesterol to tissues where their cholesterol is off-loaded for
building membranesor for conversioninto thevarioustypesof hormones. The
protein component (called apo-B) interacts with another protein called a
‘receptor’ located in the membrane of the tissue where the cholesterol isto be
off-loaded, rather likeakey fitsinto alock. The piece of membranearound the
receptor isbroken off and engulfed by the cell. The cholesterol isreleased and
is incorporated into the cell’s internal membranes. It also prevents the cell
producing more of its own cholesterol. If acell hastoo much cholesteroal, this
can be removed by an HDL particle colliding with the cell and picking up the
cholesterol that is excess to requirements. When the HDL particles pass the
liver they interact with receptorsthat are specific for HDL and the cholesterol
istaken into the liver and processed in avariety of ways.

The effects of overabundance of cholesterol in blood

It isdifficult to define an optimum concentration of cholesterol in blood.
Itisnot like glucose, whose concentration is controlled between well-defined
limits, above or bel ow which the effects of hyperglycaemiaor hypoglycaemia
are readily apparent as all diabetics know. The range of blood cholesterol
concentrations is much broader and the effects of straying much above or
below ‘the normal range’ are not readily apparent in the short term. Different
communities may have widely different distributions of blood cholesterol and
this may depend on a combination of interacting factors including genetics,
diet, personality, exercise patterns, and other aspectsof lifestyle. Inthe UK the
average plasma cholesterol is about 6 mM (6 millimolar, equivalent to about
230 mg/100ml).

The best evidence for the adverse effects of cholesterol in the blood is
provided by patientswith the diseasefamilial hyperchol esterolaemiawho may
have concentrations of blood cholesterol several times higher than ‘normal’,
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mainly intheform of LDL. Thisisdueto afaulty genethat resultsin defective
receptorsfor LDL, so that LDL are not removed properly from the blood and
the body’ s own production of cholesterol is not properly switched off. When
the concentration of blood cholesteral is so high, the substance infiltratesinto
many tissues including the walls of the arteries and contributes to a build up
of lipids that is characteristic of arterial deposits. People with familial
hypercholesterolaemiagenerally dieof coronary diseasevery early inlife. The
pathology of arterial lesionsin these patients, however, is quite distinct from
that in people with atherosclerosis, a disease of ageing that progressively
affects al people throughout the world to different degrees.

There s little published information on the effects of having a too low
plasma cholesterol concentration. A very low blood cholesterol has been
associated with an increased risk of cancer, although not al reports confirm
this and more data are needed before a convincing case can be made. Low
blood cholesterol is also associated with anaemia and this may be connected
with a greater fragility of red blood cells due to a reduction in
their cholesterol content.

Can we have too much cholesterol in the diet?

Aside from those patients who have genetically-determined
hyperchol esterolaemia, thebody’ sproduction of cholesterol normally responds
to the amount absorbed from the diet. Moreover, at very high cholesterol
intakes, the fraction absorbed decreases, so tending to limit absorption. Even
withina‘normal’ population therearewidely different individual responsesto
dietary cholesterol, either because of differencesin absorption efficiency orin
ability to regulate production. Thus, it is well recognized that there are
‘hypo-responders’ or ‘ hyper-responders’ (i.e. those whose plasma.chol esterol
is either little affected or shows a marked increase in response to dietary
cholesterol). Onewill awaysfindindividua swho appear tobehyper-responsive
in one experiment and hypo-responsive in another because everyone' s blood
cholesterol level fluctuates, independently of diet, over a period of time.
Moreover, in experimentsto test thisresponse, cholesterol has generally been
supplied in the form of eggs so that other components of the diet have been
changed in addition to cholesterol, making interpretation difficult. Of the
various dietary factors that affect plasma cholesterol, cholesterol in the food
plays a minor role compared with certain types of saturated fatty acids,
proteins, complex polysaccharides, ascorbic acid and alcohol. Moreover, diet
has to be put in perspective alongside other lifestyle factors and heredity.
Appreciating thisperspectiveisimportant in view of theover-emphasis, not to
say hysteria, on dietary cholesterol in the USA and increasingly in the UK.
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Saturated fatty acids and hypercholesterolaemia: are all
saturated acids equal?

[ will confidently proclaim at thebeginning: all saturatedfatty acids(SFA)
are not equal. The same appliesto unsaturated fatty acids as| shall discussin
the next sections.

The importance of chain length

For thosewho caretoreadtheoriginal literature (an occupationfor which,
sadly, few havetimethesedays), itisclear that suggestionsthat saturated fatty
acids differed in their cholesterol-raising capacities were aready apparent in
the 1950s and certainly in the 1960s. Nevertheless, the use of a single
all-embracing termfor saturatesin the Keys(8) equation hastended to obscure
thisfact and it is only recently that serious attention has been given to these
differential effects. The Keys eguation predicted changes in plasma total
cholesterol from changes in the intake of saturates and polyunsaturates
(Figure 1.2). According to this formula, saturates are twice as effective at
raising total cholesterol as polyunsaturates are in lowering it.

Aplasma cholesterol = 2.7 AS — 1.35 AP + 1.5AZ

(where S and P are percentages of total energy provided by saturated fatty acids
and polyunsaturated fatty acids respectively, and Z is milligrams dietary
cholesterol per 1000 kilocalories).

Figure 1.2. The Keys Equation.

Early work indicated that fatty acids with chain lengths up to and
including ten carbon atoms (short-chain and medium-chain fatty acids) do not
influence plasma cholesterol (11). Thisis because they are absorbed directly
into the blood supplying theliver and rapidly metabolized in that organ, unlike
the longer-chain acids which are absorbed as ‘chylomicrons'. Likewise, in
early experiments, cocoa butter had afar smaller effect on plasma chol esterol
than had been anticipated, and it was concluded that stearic acid had low
cholesterol-raising activity. Thishas since been confirmed by the experiments
of Bonanome and Grundy (12). The stearic acid was given as a synthetic fat
inaliquid formuladiet and compared with two other formulas that contained
high proportionsof palmitic and oleic acids. Theauthorsconcluded that stearic
acid was as effective asoleic acid in lowering plasma cholesterol when either
replaced palmitic acid in the diet. Stearic was absorbed as efficiently asoleic
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acid, sothat lack of total cholesterol-raising activity wasunlikely to have been
due to poor absorption. A possible explanation was the rapid desaturation of
stearic to oleic acid, once stearic acid has been assimilated into body tissues.

Lauric (12:0), myristic (14:0) and pamitic (16:0) acids have, thus,
generally been regarded as the three * cholesterol-raising’ fatty acids and the
major plasma lipoprotein fraction affected is LDL. Palmitic is quantitatively
the most significant since it is the principal saturated fatty acid in most diets,
occurring widely in animal and plant fats. Keys and colleagues (8) found
roughly equal effectsof lauric, myristic and palmitic acids, while Hegsted and
co-workers (9) found effects in the order myristic > palmitic > lauric.

Recently, the differential cholesterolaemic effects of SFA of chain
lengths C,, C, and C have been re-evaluated. In carefully controlled
experiments with different species of monkeys chosen to simulate human
‘high’, “medium’ and ‘low’" responders, Hayes and colleagues (13) found that
12:0 and 14:0 were considerably more potent than 16:0in raising plasmatotal
cholesterol and LDL-cholesterol. The relative potencies of 12:0 and 14:0
remain in question; published animal results suggest that 14:0 is more
effective than 12:0.

Influence of triacylglycerol structure

Natural fatsarecharacterized by astereospecificdistribution of fatty acids
onthethreepositionsof theglycerol backbonerather thanarandomdistribution.
Theway inwhich fatty acids are distributed may influence plasmacholesterol
irrespective of the overall composition of the fatty acids (14). Thus linoleic
acid is more hypocholesterolaemic (15) and some saturates more
hyperchol esterolaemic (16) when present at position 2 thaninpositions 1 or 3.
Thefactthat stearicacidisnormally esterified at position 1, rarely at position 2,
may in part explain the neutral effect of this fatty acid on blood cholesterol.
Butter ismuch less hyperchol esterol aemic when the positions of itsfatty acids
are randomized by interesterification (17).

Mechanisms

Several mechanisms by which specific saturated fatty acids raise LDL
cholesterol while specific unsaturated fatty acids either lower it or restrict the
rise, have been discussed (11). Dietary fatty acid composition may influence:
(i) the excretion of bile acidsthat occurs at each passage of the entero-hepatic
circulation; (ii) the production of cholesterol and of apoB-containing
lipoproteins; (iii) the catabolism of LDL; (iv) the cholesteryl ester content of
each LDL particle in the plasma.
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The apoB receptor playsamajor rolein regulating the rate of removal of
LDL aswell asitsrate of synthesisfrom VLDL. Hepatic receptors for apoB
account for most of the capacity to remove LDL. The binding capacity of the
apoB receptor isgeneti cally-determined but the number of receptorsexpressed
isinfluenced by dietary and hormonal factors. Grundy and Denke (11) discuss
amodel in which an increase in absorbed cholesterol reduces the activity of
LDL-receptorswhich, inturn, retardsthe uptakeof LDL and VLDL remnants.
An increased conversion of VLDL remnantsinto LDL as well as areduced
uptake of LDL results in increased plasma concentrations of LDL.
The influence of the non-specific endocytosis and scavenger
pathways remains uncertain.

The' hyperchol esterolaemic’ SFA appear tosuppressthereceptor-mediated
clearanceof LDL fromplasma(11). Thereduced activity of the LDL receptors
reduces the rate of catabolism of LDL as well as enhancing the rate of
conversion of VLDL remnants to LDL. Caution has to be exercised in
extrapol ating resultsfrom experimental animalstoman. LDL receptor activity
may be low in man compared with other animals. Consequently,
LDL-cholesterol concentrations could be primarily determined by rates of
LDL synthesis rather than by rates of removal. Using radioactively-labelled
apolipoproteins to follow the kinetics of LDL synthesis in human subjects,
several laboratories have demonstrated a marked reduction in LDL synthetic
rates when linoleic acid replaced saturated fatty acidsin the diet and a slight
risein fractional catabolic rate (18).

Hayes and Khosla (19) have developed an hypothesis to explain the
differential effects of SFA and the apparent discrepancies between previous
publications. Theeffectsof particular combinationsof fatty acidsarediscussed
at: (i) the level of individua fatty acid molecules interacting with apoB/E
receptors; and (ii) the resulting consequencesfor the production or removal of
lipoprotein particles by the liver. They propose that the different
hypercholesterolaemic SFA have different thresholds at which they exert an
effect on plasma cholesterol, which are dependent on: (a) the level of 18:2in
thediet; (b) thelevel of dietary cholesterol; and (¢) ontheinitial concentration
of LDL-cholesterol inthe plasmaof the experimental subjects. Theinteraction
of these various factors operates at the level of the LDL apoB/E receptors on
cell surfaces which are critically important in the removal of LDL particles
from plasma. At alevel of 18:2 in excess of about 6.5% of dietary energy, the
LDL apoB/E receptors are ‘ up-regulated’. That is, they actively interact with
apoB/E and remove LDL particles from plasma, maintaining arelatively low
plasmaconcentration of LDL. Asthedietary level of 18:2isgradually reduced
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below 6.5%, 14:0 and 12:0, begin to override the effects of 18:2 and start to
‘down-regulate’ the receptors. ApoB/E receptor activity is reduced, LDL
particlesarelessefficiently removed and plasmaconcentrationsof LDL begin
torise. Becauseof itslower potency, more 16:0isrequired to observean effect,
and then only when 18:2 levels in the diet are at the lower end of
the intake distribution.

This hypothesis no doubt will be refined as more experimental data
become available in man and dose-response effects are established. It begins
to explain the discrepant results in the literature, coming from experiments
employing widely differing levels of 18:2 and SFA, different ratios of the
individual SFA, different cholesterol intakes and widely different initial
plasma total cholesterol and LDL-cholesterol concentrations. Thus,
discrepancies between the original studies of Keys and Hegsted (8,9), which
observed no cholesterolaemic effect of 18:1 and more recent studies (20,21),
which observed an hypocholesterolaemic effect (see later section for more
detail), can be explained. Keys and Hegsted (8,9) exchanged 18:1 for 18:2 at
levelsof thelatter between 1 and 6% of energy andinthe presenceof relatively
large amounts of 14:0. More recent studies (20,21) worked at levels of 18:2
above the 6% threshold in the presence of relatively small amounts of 14.0.
At low levels of 14:0, minimal 18:2 is required to ensure maximum apoB/E
receptor activity so that 18:1 appears to be as efficient as 18:2 in maintaining
alow plasmaL DL when exchanged for what iseffectively an‘ excess' of 18:2.

The hypothesis does not explain why the various SFA differ in their
potencies but a plausible explanation, which is amenable to scientific test,
might postulate an effect of SFA that depends on their interaction with a
hydrophobic amino acid sequencein thereceptor proteinthat needsaC , chain
length for optimal interaction. Either side of this, interactions are reduced: on
the low chain-length side by reduced Van der Waals forces and on the higher
chain-length side by the physical restriction upon the size of chain
that can be accommodated.

Thus, it seemsthat dietary SFA-plasmalipidinterrelationshipshave been
grossly oversimplified. Old simplistic statements, such as. “ saturated fatsraise
plasma cholesterol”, need to be reappraised and the usefulness of the
polyunsaturates/saturates(P/S) ratio can beseriously questioned. New concepts
emphasizethe need tofocusonindividual dietary fatty acid interactionsrather
than “fats' ingeneral or complex mixtures of SFA and unsaturated fatty acids.
The impact of any given dietary fatty acid on cholesterol metabolism can be
ameliorated or exacerbated by the composition of the accompanying nutrients
and level of energy intake.

Copyright © 1999, 2009 PJ Barnes & Associates



22 LipipsIN NUTRITION AND HEALTH: A REAPPRAISAL

Trans fatty acids: their influence on blood lipids and
their wider health implications

Trans acids in the public eye

Until the mid 1980s, the phrase ‘trans fatty acids' would have been
familiar only to biochemists and lipid technologists. The publication in 1984
of thereport on Diet and Cardiovascul ar Disease (22) fromthe UK Department
of Health's Committee on Medical Aspects of Food and Nutrition Policy
(COMA) changed al that by introducing the term to health professionals and
thoseinvolvedin health education. The subsequent discussionsabout nutrition
labelling, which included a debate about whether to include trans fatty acids
in the scheme, brought these compounds to the attention of an even wider
audience. Since 1984, there has been a proliferation of original papers and
reviewsof thehealthimplicationsof the consumption of transfatty acids. Each
review has presented a somewhat different interpretation of the evidence
(23-27), so afairly detailed survey will be presented here. What aretransfatty
acids, why have they risen to prominence and what are their implications
for public health?

Trans fatty acids occur in nature

Fatty acids with ethylenic double bonds in the trans geometrical
configuration are found naturally, although in much less abundance than the
cis form (25). They may be monounsaturated or polyunsaturated. The latter
may have double bonds that are methylene-interrupted or conjugated. Trans
isomersoccur asshort-livedintermediatesinthebiosynthesisof saturatedfatty
acidsor asstableend-products. Anexampleof thelatter, trans-3-hexadecenoic
acid isaubiquitous, though minor, component of the lipids of photosynthetic
tissues. Some seed oils (e.g. tung) may contain up to 80% of trans acids such
asa-eleostearicacid (cis-9, trans-11, trans-13-octadecatrienoic acid) although
they are not important food fats.

Transfatty acidsarea so produced by the process of biohydrogenation of
dietary polyunsaturated fatty acids by rumen microorganisms of ruminant
animals. Thetissues of these animals are, therefore, richer in transfatty acids
than those of simple-stomached animalsfed anormal diet and so are the food
products derived from them. During biohydrogenation, the cis-double bonds
of the original all-cis polyunsaturated fatty acids are isomerized. This may
involveashiftinpositiona ongthehydrocarbon chain (positional isomerization)
or achangeingeometrical configuration or both. Themore highly unsaturated
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the starting fatty acid, the greater the variety of isomers formed. In milk the
trans-monounsaturated fatty acids are quantitatively the most important and
may constitute up to 21% of the total monoene fraction. The cis double bond
ismainly foundinposition 9, whereastransunsaturationispresent in positions
6-16 of octadecenoic acid with a predominance of the 11-trans-isomer.

Isomerization produced by industrial processing

Highly unsaturated oils, such as those found in many seeds and fish, are
generally unsuitablefor food fatsbecause of their low melting pointsand ready
susceptibility to oxidative deterioration. The objective of industrial
hydrogenation is to reduce the degree of unsaturation, thereby raising the
melting point of the oil. Asin biohydrogenation, aproportion of the cisdouble
bonds in the natural oilsisisomerized during the hydrogenation to trans and
there is a migration of double bonds along the chain. When the highly
unsaturated fish oils are used as starting materials, the mixture of isomersis
extremely complex.

Monoenoic acids represent the major fraction with trans unsaturation at
positions 6-12 with a predominance at position 10. With vegetable oils, such
assoybean ail, asthe starting materials, transunsaturation in thedienefraction
is found mainly in cis-9,trans-12-18:2, trans-9,cis-12-18:2 and
cis-9,trans-13-18:2. Improvements in catalytic hydrogenation have reduced
the amounts of trans,trans-dienes in modern margarines to virtually zero.

How much trans fat do we consume?

Inthelate 1980s, estimates of intake varied between 5 and 7 g/day in the
UK (23). About half of thisamount was derived from ruminant products and
theother fromindustrially processed fats. Sincethenintakesfrom both sources
appear to have fallen.

Inthe mid-1990sit was estimated (24,28) that average intakesin the UK
were 4-6 g per person per day representing 5.5% of dietary fat intake or 2%
of dietary energy. Thesefiguresarelower thanthose avail ablebefore 1991 and
may have arisen partly as aresult of different (and probably better) methods
and partly because of atrue decreasein consumption. Intakes of ruminant fats
have tended to decrease and the transfatty acids content of hydrogenated fats
hasalsofallenasaresult of changesin raw materials and processing methods.
Inthe USA, at the same time, average intakes were based on estimates from
limited data but appeared to be higher (8—13 g per person per day). In 1990 it
was estimated that intakes in The Netherlands were 17 g/day (29).
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Consumers who prefer margarines and cooking fats made from
hydrogenated fish oils(perhaps becausethey areinexpensive) and who choose
adiet that is generally high in fat, might consume much greater quantities of
transfatty acidsthantheaverageconsumer. Inthesurvey of Britishadults(28),
consumption in the top 2.5% of the distribution was 12 g per day and a few
individuals consumed considerably more.

Metabolism of trans fatty acids

When transfatty acidsareincluded in the diet, they can befound in most
tissues of the body. There is no evidence that they are digested, absorbed,
transported or oxidized differently from their cis-counterparts (25). Thereis
some sel ectivity with regard to the complex lipidsinto which transfatty acids
areincorporated. They aregenerally found moreextensively intriacylglycerols
because of their widespread deposition in body fats. They occur mainly in
positions 1 and 3. In other tissues, such asheart, liver or brain, asmuch or more
may beincorporated into phospholipids. Thetrans-octadecenoic acidsbehave
like saturated fatty acids and are preferentially incorporated in position 1 of
phosphoglycerides in contrast to oleic acid which is randomly distributed.
However, patterns of incorporation are extremely complex, since there is
selectivity withregard tothegeometry and the position of thedoublebond (25).
These conclusions have been reinforced by thework of Emken and colleagues
(cited in references 24,25). These researchers gave various deuterated cis and
trans fatty acids to human subjects and examined, by mass spectrometry,
their incorporation into plasma lipids and lipoproteins. Only minor
differences were observed.

How might trans fatty acids be harmful?

Interactions with essential fatty acids.

When young animals are given a diet that lacks essential fatty acids
(EFA), overt signsof EFA deficiency are seen that can bereversed by feeding
as little as 1% of the dietary energy as linoleic acid. When the diet has only
marginally sufficient linoleic acid, the addition of non-essentia fatty acids
(whether saturated, cis- or trans-monounsaturated) canresultintheappearance
of deficiency signs. In some experiments, the animals showed progressive
signs of EFA deficiency as the amounts of dietary trans fatty acids were
increased. Thetrans,transisomer appeared to be the most potent. Thereare at
least two mechanismsthat might account for thiseffect. Transfatty acidshave
been shown to inhibit desaturase enzymes involved in the conversion of
linoleic acid to longer-chain more highly polyunsaturated fatty acids, like
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arachidonic acid, which are themselves the precursors of important
hormone-like compounds, the eicosanoids. Again the trans,trans isomer was
the most potent inhibitor (23,25).

Alternatively, oleic acid (cis-9-octadecenoic acid) and some trans-acids
competefor thedesaturasesthat convertlinoleicacidintoitshigher metabolites,
thusdiverting linoleic acid away from its normal pathway. In one experiment
with rats, diets containing rather high proportions of trans,transand cis,trans
isomersof linoleic acid resulted inlower concentrations of essential fatty acids
inliver and blood platel etsand al ower rate of production of certain eicosanoids
by platelets(30). Thiscould haveimportant implicationsfor blood clotting and
thrombosis since these processes are influenced by the balance between the
eicosanoids produced from different EFA. The practical implications of this
particular experiment are difficult to assess however, since the diets used did
not closaly resembleany practical human diet and themajor effectswereagain
with the trans,trans isomer which is only avery minor component of human
diets. A morerecent experiment, agai n using ratsasmodel s, expl ored the effect
of different levels of dietary trans-monounsaturated fatty acids and different
levelsof dietary essential fatty acids on eicosanoid metabolism and, therefore,
was more relevant to human nutrition (31). Transfatty acids did not directly
influence the enzymes of eicosanoid biosynthesisand the eicosanoid products
formed from EFA when at least 2% of dietary energy wasprovided by linoleic
acid.

Effects on biological membranes

Trans fatty acids have physical properties that tend to resemble those of
the saturated fatty acidsof similar chain length becausethe shape of thedouble
bond alows closer packing of the hydrocarbon chains than the kinked
configurationthat ischaracteristic of cis-doublebonds (27). Thus, if transfatty
acids replaced cis-unsaturated fatty acidsin membranes, the membrane may
become less ‘fluid’, a phenomenon that has indeed been demonstrated with
microorganismsand cellsgrownincultureinamediumenrichedintransacids.
However, in whole living animals, trans acids tend to replace saturated fatty
acidslocated at position 1 of phosphoglyceridesand thereislittle evidencefor
achange in membrane properties, certainly at normal dietary intakes of trans
acids (23).

Influence on plasma cholesterol

Thejustificationfor therecommendation by the COMA Panel onDiet and
Cardiovascular Diseaseto equatetransfatty acidswith saturated fatty acidsfor

Copyright © 1999, 2009 PJ Barnes & Associates



26 LippsIN NUTRITION AND HEALTH: A REAPPRAISAL

thepurposesof their recommendations may have been theassumptionthat they
would, like certain saturated fatty acids, raise plasma cholesterol (22). At that
time (1984) therewaspoor evidencethat transacidsdid havean adverse effect
on plasma cholesterol. Two studies suggested a raising effect and one found
no effect compared with acontrol diet inwhich the predominant fatty acid was
oleic acid. These studies were not particularly well designed and could not be
used as good evidence either way (29). The study by two Dutch authors,
Ronald Mensink & Martijn Katan (29) caused arevision of those views since
it waswell controlled and very carefully done. It isalso astep forward in that
itinvestigatedtheeffectsof dietsonlipoproteinfractionsandtheir corresponding
apolipoproteins as well as on total cholesterol. Thirty-four women and
twenty-five men were given three natural mixed diets of identical nutrient
composition except that 10% of daily energy intake was provided either as
oleic acid, trans-isomers of oleic acid or saturated fatty acids. The three diets
were consumed for three weeks each in random order. The authorsfound that
the effect of transfatty acids on the plasmalipoprotein profile was at least as
unfavourable as that of the cholesterol-raising saturated fatty acids because
they not only raised LDL-cholesterol but also lowered HDL-cholesterol
concentrations. Current thinking isthat higher LDL concentrations but lower
HDL confer agreater risk for coronary heart disease.

The main weakness of the study, like many others, is that it gave little
information about the diets being consumed prior to the start of the experiment
or the plasma lipoprotein profiles of the subjects while they were consuming
their pre-study diets. The lipid profiles on the experimental diets are not
compared against the pre-study values: the concentrations resulting from the
consumption of the ‘saturated’ and the ‘trans’ diets are compared with the
valuesonthe‘cis diet. These authorshave previously demonstrated that oleic
acid has a cholesterol-lowering effect (see later section) so that it is to be
expected that the effects of fatty acidswith acholesterol-raising tendency may
beexaggeratedif oleicacidisused asareference. Thelimited dataon pre-study
plasma lipid concentrations presented by the authors indicate that total
cholesterol changed little as a result of the trans diet while the saturated diet
raised plasmalipids only slightly.

In trying to assess the relevance of these resultsto practical nutrition and
health we need to place theintake of transacidsin this experiment (14 g/day)
in context with those of the normal Dutch population (17 g/day) and thosein
the UK (5-7 g/day). These results suggest that it may be prudent for patients
at increased risk of atherosclerosisto avoid ahigh intake of transacids but do
not alter the conclusionsof the British Nutrition Foundation (BNF) Task Force
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on Trans Fatty Acids (23) that current levels of intake in the UK do not pose
aproblem for most of the population.

The Dutch study of Mensink and Katan (29) on the effects of transfatty
acids on human plasma lipoproteins was criticized in the USA because it
employed ahigh intake of transfatty acids (11% of total dietary energy). Ina
US study, Judd and colleagues (32) investigated the effects of levels of trans
of 3.8 and 6.6% of dietary energy on plasmalipoproteins. Taking these results
together with other data, there is a dose related effect of C, trans monoenes
onplasmalL DL, atleastintherange3-11% of dietary energy. Moreinformation
is required on the physiological effects of trans fatty acids from
hydrogenated fish oils.

Insummary, dietary C , fatty acidswithasingletransdoublebond (which
contribute the mgjority of transfatty acidsin productsderived from ruminants
and theindustrial hydrogenation of vegetable oils) increase the concentration
of LDL-cholesteral in the blood when compared with a similar amount of
dietary C , cissmonounsaturated fatty acid (oleic acid, normally the most
abundant dietary fatty acid). The effect isdirectly related to the proportion of
transfatty acidsin the dietary fat and is alittle lower than that of the C , and
C,, saturated fatty acids. Unlikethe saturated fatty acids, however, which tend
to raise HDL-cholesterol slightly, the trans fatty acids significantly
lower HDL -cholesterol.

Since the current consensus of scientific opinion is that raised
LDL-cholesterol and lowered HDL-cholesterol independently increase the
risk of CHD, the current view isthat consumption of high levels of transfatty
acidsshouldincrease CHD risk, at |east asjudged by their influence on plasma
lipoprotein concentrations.

However, at thelevel of 2% of dietary energy commonin many European
countries, itisunlikely that transfatty acids contribute morethan asmall part
of CHD risk.

Thereisalso evidencefrom at | east two studiesthat transacidsin thediet
lead to increases in the concentration of plasma Lp(a) especially in those
individuals who already have high baseline plasma concentrations of this
lipoprotein (24). Thereis no firm evidence about the influence of trans fatty
acids on thrombosis — the formation of a clot which, if it occludes a major
artery supplying the heart, leads to a heart attack. A brief summary of current
knowledge of theinfluence of transfatty acids consumption on cardiovascular
disease risk can be found in Chapter 2.
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Conclusion

Where guidelines on trans intakes have been issued, the advice has
usually beento avoidincreasing the consumption of transfatty acids. Thefood
industry isalready responding by reducing thetranscontent of many products.
Average intakes are likely to fall and the possibility that individuals might
consume amounts that are harmful, athough real, is diminishing.

Cis-Monounsaturated fatty acids: are they
really ‘neutral’?

Background

The ‘Keys equation’, discussed in an earlier section does not contain a
term for monounsaturated fatty acids (MUFA). Neither Keys (5,8) nor
Hegsted's (7) groups could detect a significant effect of MUFA in either
raising or lowering plasmachol esterol. For the next two decades, MUFA were
ignored asbeing uninteresting and * neutral” in respect of chol esterolaemiabut
recently, this assumption has been re-evaluated.

The rekindling of interest in monounsaturates

Until the publication of apaper by Mattson and Grundy in the mid-1980s
(20), thoseinterested in the dietary control of blood lipids had concentrated on
thecholesterol lowering effectsof linoleic acid. By theearly 1990s, theoverall
view wasthat, if the aim was to control the blood lipoprotein pattern, MUFA
had several advantages over linoleic acid. High intakes of oleic acid were
equally compatible with maintenance of low total and LDL-cholesterol (see
below); they do not lower HDL-cholesterol; unlike linoleic acid, they are not
susceptible to oxidation (see Chapter 3) and, less scientifically, they seemed
to typify people’ sidea of ‘ The Mediterranean diet’. The latter was becoming
afashionabl e concept and was seen to be associ ated with good healthand alow
risk of coronary heart disease.

Technical developments in monounsaturated oils

The nutritional interest in MUFA rapidly led to two main types of
technical developments. Not so long ago, the only widely used high-oleic oil
was olive oil. Several plant species that have naturally produced oilsrich in
linoleic acid have now been bred to produce cilsrichin oleic acid. Examples
are high-oleic safflower and sunflower. Many years earlier, low-erucic rape
had provided uswithwhat isessentially ahigh-oleic oil, but the purposeof this
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introduction was specifically to breed out the erucic acid: itsreplacement with
oleic was secondary and not the original purpose of the exercise. A second
development has been the incorporation of these new oils into a range of
monounsaturated spreads and cooking oils that are promoted as
having a healthy image.

The introduction of these oils and spreads has in turn re-stimulated the
interest in exploring their nutritional properties. Now that they are readily
available from supermarkets, they can beincorporated into everyday dietsfor
free-living subjectsinresearchtrials, whereas many of the earlier experiments
used special commercial preparations of high-oleic oils
in metabolic experiments.

What do we mean by monounsaturates?

In practical terms, when we speak of dietary cisMUFA, wereally mean
only oleic acid, cis-9-octadecenoic acid. Small amounts of MUFA are
contributed by palmitoleic acid and the C,; and C,, monoenesiin fish oils but
these are quantitatively trivial compared with oleic acid. Thisisnot to say that
they may not have important biological activities, which may be different in
somerespectsfromthoseof oleicacid, butinthischapter thereader canassume
that ‘MUFA™ means ‘oleic acid’.

It isimportant to recognize that oleic acid is not essential in the diet. As
far aswe know, human tissues have active 9-desaturase activity and the body
cansynthesizeabundant oleicacid. Indeed, whenweanal ysetissues, especially
the adipose tissue stores, we find that oleic acid predominates.

Influence on blood lipids

Mattson and Grundy (20) compared the effectsof a‘liquid formuladiet’,
comprising either predominantly SFA, MUFA or PUFA on plasmalipids and
lipoproteins. The diet containing predominantly oleic acid was as effectivein
loweringL DL -cholesterol aslinoleicacidinsubjectswithnormal triacylglycerol
concentrations but with a suggestion that oleic acid did not reduce the
concentration of HDL-cholesterol as did linoleic acid. Neither type of
unsaturated fatty acid had a strong effect on lipoproteins in patients with
elevated triacylglycerol concentrations.

There were several shortcomings of this study. There were only 20
subjects, of whom only 12 had normal triacylglycerol concentrations. The
power of the study to detect significant differences was, therefore, limited.
Althoughit wasaclever ideato comparetwo different variantsof safflower ail,
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onerichinoleicacid, theotherinlinoleicacid, theresultsarenot clear-cut since
the* monounsaturated oil’ contained 17%linoleic acid, which might have been
al that was required to exert a cholesterol-lowering effect. Finally, the
relevance of liquid formula dietsto normal life is difficult to assess.

Mensink and Katan (21) overcame some of the above criticisms by
comparing the effects of natural diets in which the fat component contained
either predominantly SFA, MUFA or PUFA (Table 1.1), given to healthy
young people under well controlled conditions. Thirty-onewomenand 27 men
received adiet richin SFA for 17 days; for the next 36 days, 29 subjectswere
given a diet in which MUFA predominated (olive oil/safflower oil
mixture) while the remaining 29 received a diet in which n—6 PUFA
predominated (sunflower oil).

Table 1.1. Fatty acid composition of the dietsin Mensink and Katan’s

study (21).
Component Type of diet
SFA MUFA PUFA

Protein (%E) 13.1 134 13.1
Fat (%E) 36.7 374 37.6
SFA (%E) 19.3 129 12.6
MUFA (%E) 115 15.1 10.8
PUFA (%E)] 4.6 7.9 12.7
Carbohydrate (%E) 49.1 47.8 48.5
Cholesterol (mg/MJ) 334 35.8 35.3

SFA = saturated fatty acids; MUFA = mono-unsaturated fatty acids; PUFA =
polyunsaturated fatty acids; %E = as percentage of energy.

Plasma LDL-cholesterol decreased on average 18% in subjects on the
MUFA diet and 13% in those on the PUFA diet. There were no significant
changesin HDL-cholesterol in either men or women.

Designing dietary experiments with natural ingredients with the aim of
comparing the effects of different fatty acidsisfraught with difficulty. Often,
research workers have compared animal and vegetablefats, forgetting that the
former contain cholesterol while the latter do not. Cholesterol may be a
confounding factor. These authors have avoided this particular pitfall but
nevertheless, different oils, aswell ashaving different fatty acid compositions,
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contain different types and amounts of minor non-saponifiable components,
which may have powerful effects on blood lipids despite their small
concentration. For example, tocotrienols present in some vegetable oils, are
inhibitors of the enzyme HMG-CoA reductase, the rate-limiting step in
cholesterol biosynthesis. Thereishardly apublicationintheliteraturethat has
managed to avoid this or asimilar problem.

An example of the difficulty of interpreting results because several
variables, rather than just one, have been changed is provided by reference
(33). The authors used amixture of natural fatsto compare the effects of SFA
against MUFA and high fat content against low fat content on plasma
lipoproteins in ten elderly men. Diets 1 and 2 contained 40% of their energy
as fat distributed as follows — diet 1: SFA, 19; MUFA, 15; PUFA; 6, and
diet 2: SFA, 7; MUFA, 27; PUFA, 6. Diet 3 had only 20% of itscaloriesasfat
and aratio of SFA:MUFA:PUFA of 7:7:6. Compared with the* high saturates
diet both the ‘high MUFA’ and ‘low fat’ diets reduced total cholesterol by
13.5% and L DL -cholesterol by 19%. The low-fat diet resulted in asignificant
reduction in HDL compared with either of the high-fat diets. A good dietary
study should endeavour to eliminate as many confounding variables as
possible. Themainflawsof thisstudy werethehugedifferencesbetweendiet 1
and diets 2 and 3in both cholesterol content (900 compared with 200 mg/day)
and in P/Sratio (0.3 compared with 0.86). As the authors say in their
discussion, the cholesterol-lowering effects of the high MUFA and low-fat
diets could smply be due to differences in cholesterol intake. They failed to
discuss, however, the differences in P/S ratio which were aso huge. It is
impossible, therefore, to draw firm conclusions about the specific effects of
MUFA from this and severa other papers.

The general confusion as to whether modification of blood lipidsis best
served by reducing the total fat content of the diet or by simply changing the
composition of thefatty acids hasclearly encouraged researchersinterestedin
MUFA to compare high-fat diets richin MUFA with low-fat diets aswell as
with high-fat dietsrichin PUFA or SFA. Thework of Grundy, cited above, is
anexample. Tworather better controlled experiments(34,35) cametoasimilar
conclusion, namely that a high-fat diet that contained predominantly MUFA
was as effective as alow-fat diet in reducing total cholesterol and resulted in
lower triacylglycerol concentration than the low-fat diet. They disagreed,
however, on the effects on HDL.

Mensink and Katan (35) found that HDL concentration fell significantly
in subjects given the low-fat diet and rose slightly in subjects given MUFA
compared with concentrationsin the same subjects when they followed their
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habitual diet. Baggio et al. (34), however, found no such differencesin HDL.
Both studies, though otherwise well controlled, were unsatisfactory in not
giving sufficient data on the subjects’ habitual diet and the lipid profiles
resulting from that dietary pattern. This is a fault common to
most studies, however.

To summarize, dietary lipids containing a high proportion of MUFA
maintainrelatively low plasmachol esterol and L DL -chol esterol concentrations
even when present in the diet as arelatively high proportion of energy. They
do not reduce plasmaHDL -concentrations nor do they elevate plasmaVLDL
or total triacylglycerol concentrations(11). Since L DL -cholesterol isnow well
recognized asanimportant risk factor for CHD, thesignificanceof maintaining
low plasmalL DL isclear. Thereisa so aschool of thought that holdsthat alow
plasmaHDL isamoreimportant risk factor than LDL. Therefore, any strategy
that lowered HDL -chol esterol aswell astotal cholesterol and L DL -cholesterol
would have no advantage and might actually do harm. Some studies have
shown that high intakes of PUFA may lower HDL -cholesterol aswell astotal
cholesterol and LDL-cholesterol and have advised against high intakes of
PUFA (14). However, HDL -lowering by PUFA isencountered only when the
ratio of PUFA to saturated fatty acids is well in excess of 1.0,
which is well above the intake recommended by the COMA guidelines
(reference 36 and Chapters 2 and 4).

A possible advantage of MUFA isthat they are much less susceptible to
oxidation than PUFA. High intakes of the latter may well raise requirements
for vitamin E and other antioxidant nutrients (see Chapter 3).

Many people areresistant to ‘ being told what to eat’ and despite nagging
worries about heart disease, do not want to be restricted to a high-PUFA or
low-fat cholesterol-lowering diet. Perhaps the most promising aspect of the
recent research on MUFA isthat it should allow much greater flexibility and
range of choice of dietsand, therefore, help to make dieting less of achoreand
eating more pleasurable.

Until recently, when effects of dietary fatty acids on blood lipids have
been investigated, amost all emphasis has been on fasting levels. There are
two main approaches. Either the experimental subjects are studied in a
|aboratory settingunder strictly controlled conditions. Thedietsareformul ated
to be simple in composition and are often extreme in composition to increase
the chancethat ahighly significant changewill result from consumption of the
‘test’ fatty acid. Thealternativeisto study subjects eating normal dietsintheir
own homes. Such experiments are more difficult to control than when
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conducted under laboratory conditions but have the advantage that they are a
better reflection of ‘real life’ and theresults, though perhapsless scientifically
rigorous, may be more appropriate for formulating public health policies.

Professor ChristineWilliamsand her colleaguesat theHugh Sinclair Unit
of Human Nutrition at Reading University are developing and perfecting
techniquesfor the study of dietary fats and health in the home setting. As part
of their strategy, they have devel oped collaborations with food manufacturers
to produce arange of foods enriched in specific fatty acids or fatty acid types.
Inthisway, subjectsare provided with ‘test’ fatty acidsin apal atableform and
this is likely to enhance their compliance with the dietary protocols over
lengthy time periods. In a recent study (37), this team evaluated the
cholesterol-lowering efficacy of a diet rich in MUFA compared with a
‘control’ diet whose fatty acid composition approximated that of
the national UK diet.

The 30 middle-aged and 23 young men in the study were apparently
healthy but all had ahistory of heart diseaseinthefamily. Dietsweregivenfor
8 weeks and contained 38% of energy as fat (close to the current national
average). After a so-called ‘washout period’ of 4-6 weeks, in which the
subjects had free choice of diet, they were transferred to the opposite diet for
another 8 weeks. The control diet contributed 13% energy asMUFA and 17%
as saturates (SFA), whereasfor the ‘test’ diet the contributions were 18% and
10% respectively. The polyunsaturates (PUFA) content was 7% in each. Fat
was provided by specially manufactured spreads, ready meals, biscuits,
puddings and breads, which apart from their fatty acid compositions were
identical for both diets. Meanfasting total and L DL -chol esterol concentrations
were significantly lower after the MUFA diet than the control by 0.29 and
0.38 mM respectively. In middleaged menthedifferencewasdueto adecrease
in LDL-cholesterol after the MUFA diet and no change after the control diet,
whereas in young men there was not only adecrease after the MUFA diet but
also anincrease after the control diet. This probably reflectsdifferencesinthe
composition of their habitual diets.

Another recent interest has been in comparing the metabolic effects of
different MUFA-rich oils. Ruiz-Gutierrez and her colleagues (38) compared
the influence of diets rich in olive ail or high-oleic sunflower oil on the
composition of human VLDL. The content of MUFA in the two oils was
similar but their triacylglycerol composition differed. The olive oil contained
dlightly more SFA and dlightly less PUFA than the high-oleic sunflower oil
(Table 1.2). In both oils, the sn—2 position was mainly occupied by oleic acid
but therewere notable differences between other fatty acidsin their occupancy
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Table 1.2. Comparisons of lipidsin olive and high-oleic
sunflower (HOSO) ails.

Lipid Olive HOSO
Major fatty acids (% total fatty acids)
Total saturates 124 9.6
18:1n-9 77.6 785
18:2n-6 8.0 114
18:3n-3 0.8 0.1
Major triacylglycerol molecular species (%ototal)
POO 30.5 12.1
000 49.9 65.1
OLL 0.3 31
Mgajor fatty acids in position sn—2 (% total)
18:1n-9 94.1 92.9
18:2n-6 4.1 6.8
18:3n-3 0.6 ND

Compiled from reference 38. Only the major fatty acids have been
listed; P = palmitic; O = oleic; L =linoleic; ND = not detected.

of this position. Thus high-oleic sunflower oil had more linoleic acid in
position 2whereasoliveoil hadmorea-linolenicacidinthisposition(Table 1.2).
The OOO triacylglycerol molecular species predominated in both oils but
much more so in high-oleic sunflower oil than in olive oil (Table 1.2). By
contrast, there was a much greater proportion of POO in olive oil than in
high-oleic sunflower oil (O = oleic; P = palmitic).

Diets containing these oilswere given to 22 young peoplein a crossover
design similar to that of Williams and colleagues described above (37). Each
oil contributed 40% of total energy. Changes in lipids were compared with
those resulting from a control low-fat diet. As might be expected, there were
major changes in the molecular species of triacylglycerols present in VLDL
after giving the high oleic oils compared with the low-fat control diet. More
unexpected were significant differences in triacylglycerol molecular species
when comparing the two high-MUFA ails. Interestingly there was a much
higher proportion of OOO inthe VLDL triacylglycerols after giving olive ail
even though this molecular species was present in higher proportion in the
high-oleic sunflower oil. PPPwassignificantly decreased after giving olive il
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but not after high-olei c sunflower oil. Perhapsmoreimportantly, themolecul ar
speciescontaining «-linolenic acid esterified at position 2washighly enriched
after giving olive oil but not after high-oleic sunflower oil.

Theauthorssuggested that thedifferencesin composition of VL DL might
be of major importance in helping to explain the beneficial effects of olive il
in reducing atherogenic risk but did not elaborate a mechanism by which this
might occur. A mgjor difficulty in interpreting the results of comparisons
between two oils is that the oils differ not just in fatty acid or triacylglycerol
composition but also in a number of minor components: tocols, tocotrienals,
phytosterols, ubiquinones etc. Whereas these are present in small
quantities compared with fatty acids, they may nevertheless exert
biologically significant effects.

Practical implications

What are likely to be the implications of this latest research into dietary
MUFA on public health and nutrition policy? There has been vigorous debate
(39) over the past year or so on whether the ‘ healthiest’ diets are thoselow in
fat (andtherefore, by definition, richin carbohydrates) or thoserelatively high
infat but in which oleic acid predominates. Argumentsfor the low-fat diet are
that it is compatible with low total and L DL -cholesterol concentrationsin the
blood and it is less conducive to obesity. Proponents of the higher fat MUFA
diet express concern about the tendency of low-fat diets to reduce
HDL-cholesterol. High MUFA diets would maintain ahigh HDL-cholesterol
concentration and, it isargued, most people would find them more palatable.
Other research suggests that a possible disadvantage of high-fat high-MUFA
diets may be an increased tendency for factor VII levels to be raised (see
Chapter 2). This discussion illustrates the need to look broadly at the effects
of dietary fats on many different risk factors, not simply their
influence on blood lipoproteins.

Dietary fat, blood lipids and health. Which is more
important: total amount of fat eaten or its composition?

Guidelines for a healthy diet universally recommend areduction in total
fat intake from the current 40% or more of dietary energy to 35% or less. For
those who are overweight or who have difficulty in maintaining weight, this
may be sensible advicefor reasonsthat | have outlined in Chapter 5. Sincethe
advice is frequently given in the context of recommendations aimed at
reducing blood chol esterol and therisk of coronary heart disease, theimplication
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is that reducing fat consumption will automatically result in a reduction in
blood lipids. What is the evidence for this assumption?

Given the large volume of research published on the subject of diet and
blood lipids since the 1950s (reviewed above), there have been surprisingly
few studies on the changesin blood lipids in response to changesin the level
of fatinthediet. A proper dose-responserel ationship seemsnever to have been
established. In the few studies that investigated blood lipid and lipoprotein
concentrationsat different levelsof fat intake, the composition of thefat inthe
different dietary groups was amost invariably different, thereby precluding a
clear answer to the question of whether level or composition of thefat wasthe
moreimportant factor. Thiscriticism appliesto studiesconducted by established
experts several decades ago (9), as well as some very recent studies (40).

Content or composition?

Recognizing thisproblem, Nel son and colleaguesdesigned an experiment
in which only the level of fat differed, not the fatty acid composition (41).
These authorsgave 11 healthy young men (age 20-35) diets containing either
22% or 39% of their energy asfat for 50 daysand compared theblood lipid and
lipoprotein profiles. The study was well designed. All subjects wereinitially
given the same high-fat diet for 20 days. This ensured that as far as possible
they all started off with similar dietary status. Six were then given the low-fat
diet for 50 days and the other 5 remained on the high-fat diet for the same
period. The groups were then *crossed over’ for the remaining 50 days of the
study, so that each subject received both diets during the experiment and
essentially acted as his own control.

Detailsof fat intakesaregivenin Table 1.3. At each level of fat, thefatty
acid composition was exactly the same. Only natural foods were used: there
were no supplements. For the duration of the study all subjects were confined
to ametabolic suite so that every aspect of the study could be monitored and
controlled. There were no opportunities to consume foods other than those
provided and all subjects were required to consume all food that was given.

It is of course difficult to ensure that fatty acid intakes on two dietary
regimens are precisely the same. The authors managed this remarkably well.
There appeared to have been a 2% higher proportion of linoleic acid in the
high-fat than in the low-fat diet, which was reflected in the higher ratio of
polyunsaturated to saturated fatty acids(Table 1.3) but thiswasnot statistically
significant. Theintakeof arachidonicacidinthehigh-fat groupwasstatistically
higher but the amounts involved were very small indeed (0.2% against 0.4%
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Table 1.3. Fat and fatty acid intakesin the study of
Nelson et al. (41).

Nutrients Low-fat High-fat

Macronutrients (% energy)

Protein 16 16
Fat 22 39
Carbohydrate 62 45
Cholesterol (mg/day) 360 360
Fatty acids (% energy)

Saturated 6.4 10.6
Monounsaturated 9.2 155
Polyunsaturated 6.6 12.6
Polyunsaturates/saturates 1.0 1.2

of total fatty acids). Theeffectivenessof thedietary control wasreflectedinthe
similarity of fatty acid compositions of the plasma, red blood cell and platel et
lipidsinthetwo groups. Of themajor fatty acids, only linoleicacidwasdlightly
higher inthehigh-fat groupinlinewithitsslightly higher proportioninthediet.

Blood lipids

Themajor blood lipid andlipoprotein classesinthetwo dietary groupsare
illustratedin Table 1.4. Noneof thedietary group comparisonswassignificant
in respect of the cholesterol fractions. The blood triacylglycerol concentration
was, however, significantly higher after consumption of the low-fat diet than
after the high-fat diet by about 25 mg/dl (P<0.002).

If the Keys (5) or Hegsted (9) equations had been applied to this study, it
would have been predicted that blood total cholesterol would have risen from
173 mg/dl on the low-fat diet to about 196 mg/dl on the high-fat diet. The
authors discussed several reasonsfor the discrepancy. The Hegsted and Keys
studiesused many moresubjectsthanNel son’ s. However, Nel sonand colleagues
dismissed the idea that ‘ statistical power’ was a problem on the grounds that
they traded large numbers for much more careful control of experimental
conditions, which is certainly true. They also rejected the notion that the
discrepancy arose because the mean blood cholesterol concentration in this
study was much lower than in the original Keys and Hegsted studies.
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Table 1.4. Blood lipids and lipoproteinsin the study of Nelson et al. (41)
(mean mg/dl, n = 11).

Time period Diet TC TAG HDL-C LDL-C
Atentry normal 176.3 85.8 46.3 112.8
After 20 days HF 1725 75.3 448 112.6
After 50 days LF 173.2 91.5 40.5 1145
After 50 days HF 176.9 66.4 43.2 1195

TC = total cholesterol; TAG = triacylglycerol; HDL-C =high-density lipoproteincholesterol;
LDL-C = low-density lipoprotein cholesterol; HF = high-fat; LF=low-fat; P <0.002
comparing day 50 with day 20.

Whereasthisis so, the subjectsin Nelson’ s study with the highest cholesterol
values did not show any tendency to changein responseto fat level more than
those with average or low cholesterol levels.

Itiswell established that peoplerespond differently to dietary fatty acids.
Thus, some people experience alarge rise in cholesterol when they consume
butter, whereas others show no response or even a fall; likewise the same
individuals demonstrate alarge fall in response to consumption of corn oil, or
no response or even arise (42). It could also be argued that the Nelson study,
by chance, included only people who were non-responders to dietary fat.
Despite the small number studied, this seems unlikely because they were
randomly selected from the general population.

Therefore, the most reasonable explanation is that the component of
blood cholesterol concentrationthatissensitivetodietary fat (other dietary and
non-dietary factors also influence blood total cholesterol) depends almost
entirely on the composition of the dietary fat, not on the proportion of energy
supplied as fat. It has to be said that the authors chose to study a dietary fat
composition with avery high ratio of polyunsaturates to saturates (1.0). This
ismuch higher than normally experienced in Western countries and somewhat
higher than anticipated by current guidelinesfor healthy eating (36). It would
be interesting to see the work repeated with a more realistic polyunsaturates/
saturates ratio to establish that the same results would be obtained.

Misleading messages

One clear lesson to be learned from this study is that health education
messagesaremisl eading when they suggest significant improvementsin blood
lipid profiles can be obtained simply by fat reduction without reference to the
type of fat. This does not mean of course that many people could not benefit
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from total fat reduction if they have a weight problem, but that
isadifferent issue.

There could be an interesting spin-off from these resultsfor the design of
human nutrition studies. An exampleisin regard to the controversy about the
effect of dietary trans fatty acids on blood lipid concentrations. A major
problem isthat, if the total fat in the diet is to be maintained constant (as has
always been assumed to be necessary) then to obtain different level s of dietary
transfatty acids, they haveto beexchanged for someother fatty acid— usually
saturated or cis- monounsaturates. Under these conditions, it is not clear
whether any observed effect isdueto achangeintransfatty acidsor to changes
inthefatty acidswith which they have been exchanged. If total fat can now be
regarded as being irrelevant, then an appropriate experimental design would
be to maintain al dietary constituents constant and merely add increasing
amounts of trans fatty acids to the diet.

Changes in blood lipid after a meal: significance
for health

The use of fasting blood samples

Atthebeginning of thischapter | describedtheresultsof a' meta-analysis':
a quantitative assessment of studies of the influence of dietary fats on blood
lipids and lipoproteins. A consistent feature of such investigations has been
that the subjects’ blood samples were taken after an overnight fast. Thiswas
doneroutinely onthe groundsthat thefats present in arecent meal would have
influenced circulating lipidsin complex and diverse ways so that the results of
different investigations would not have been comparable. As aresult of this
virtually unchallenged approach, conceptshavedevel oped about theprediction
of ischaemic heart disease risk solely from knowledge of fasting patterns of
plasma lipoproteins.

Inrecent years, thinking on thissubject hasbeen undergoing considerable
change, with theresult that many research workersinthisfield now emphasize
the importance of postprandia changesin lipoprotein profiles (43,44). There
are several reasons for this change in approach. Firstly, most of usarein a
postprandial statefor the greater part of each 24 hour period (Figure 1.3A).In
developed countries, the fasting state is irrelevant in relation to long-term
health. Secondly, the way in which lipoprotein particles that carry fat in the
bloodstream are processed immediately after a meal is now thought to
influence the two main aspects of the natural history of heart disease:
atherosclerosisandthrombosis(references43-45and Chapter 2). Itisimportant
therefore to understand postprandial metabolism of lipids in more detail.
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Figure 1.3. Postprandial changes in plasma triacylglycerol (TAG) levels.
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Normal metabolic processing of fats after a meal

Severd lipid-rich particles involved in transporting fats in the blood
(see also first section of this chapter) are key players in postprandial lipid
metabolism (Figure 1.4).

» Chylomicronscarry TAG that have been resynthesized intheintestinal cells
immediately after fat absorption. They have a broad range of particle sizes
and are large enough to cause an opal escent appearance of plasma soon after
a fatty meal. The particles are mainly composed of TAG stabilized by a
surface coat of phospholipids, cholesterol and apo-B,,. Normally, their
concentrationin plasmarisesquickly after ameal, reaching apeak (lipaemia)
two to three hours after the meal, which then subsides (Figure 1.3).

» Chylomicron remnants are generated from chylomicrons as a result of the
lipolysis of triacylglycerols by the enzyme lipoprotein lipase. This activity
occurs in many tissues but in well nourished people most postprandial
processing of chylomicrons occurs at the surface of the adipose tissue.
Lipolysisisincomplete. Asthe particles become smaller duetolossof TAG,
the proportion of phospholipids, cholesterol, and protein increases and the
particles areless susceptible to enzymic attack. Remnants are removed from
plasmain two ways. In healthy people, the preferred route is by interaction
with receptorson the surface of liver cellsfollowed by further degradationin
theliver. Alternatively, they canbeprocessed by interactionwith high density
lipoproteins (see below and Figure 1.4).

» Non-esterified fatty acids are generated during thelipolysis of chylomicron
TAG by lipoprotein lipase. A proportion enters the adipose tissue to be
re-synthesizedinto TAG for storage, whereastheremainder istransportedin
the plasma attached to the protein albumin.

* High-density lipoproteins (HDL) show much less dramatic, yet important,
fluctuationsin concentration than chylomicrons. They exist in several forms
and are in the business of acting as vehicles for lipid exchange. Primary or
‘nascent’” HDL are produced by the liver and pick up cholesterol from
peripheral tissuesto become cholesterol-rich HDL. Inthe plasma, fatty acids
are transferred from phosphatidylcholine to HDL -cholesterol to form HDL
thatisrichincholesteryl ester. Inturn, thechol esteryl esterscan beexchanged
for TAG to form larger TAG-rich HDL particles, a process termed * neutral
lipid exchange'.

* Very-low-density lipoproteins (VLDL). Whereas the chylomicrons appear
in the circulation immediately after absorption of fat from a meal, VLDL
come later into the picture. They carry lipid that has been synthesized in the
liver, mainly from circulating non-esterified fatty acids.
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Figure 1.4. Postprandial metabolism of lipoproteins. Thick lines indicate active
pathways; thin lines indicate less active pathways. LPL: lipoprotein lipase;
TAG: triacylglycerol; HL: hepatic lipase; HDL: high-density lipoprotein;
LDL: low-density lipoprotein.

Exaggerated lipaemia

| have described the usual comparatively rapid processing of fats after a
meal (normal lipaemia, Figur e 1.3B). Itisnot uncommontofind anexaggerated
lipaemic response (43) in which the postprandially raised TAG concentration
persists for much longer (Figure 1.3C). An important reason for TAG
persistence may be areduced activity of lipoprotein lipase resulting in slower
clearanceof TAG-richparticles. Such* TAGintolerance’ isfrequently observed
in people with maturity onset diabetes (so-called non-insulin dependent, or
type 2 diabetes). In this type of diabetes, insulin production is not a problem
but lipoprotein lipase (whose activity is controlled by insulin) is less able to
respond to insulin under these conditions and so the removal of chylomicrons
issluggish. Lipaemiais further exaggerated because the partially hydrolysed
remnant particlesarepoorly taken up by thereceptorsonthesurfaceof theliver
cells Their consequent persistence in the plasma provides greater opportunity
for ‘neutral lipid exchange' referred to above.
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Exaggerated lipaemia, therefore, involves the appearance in the plasma
of new TAG-enriched HDL particlesand chol esterol -enriched remnant particles.
TheTAGintheHDL particlesarerapidly hydrolysed by alipase presentinthe
liver (hepatic lipase) to form small dense HDL particles, which in turn are
rapidly degraded, thereby reducing thetotal HDL concentration in theplasma.
Similar hydrolysisof remnant TAG |leadsto theformation of small denseLDL.

Postprandial lipoprotein particles and ischaemic
heart disease risk

In 1979, Zilversmit (cited in reference 43) proposed that chylomicron
remnants have the potential to cause cholesterol deposition in arterial walls.
Thishypothesi shasbeen extended into the present concept of the‘ atherogenic
lipoprotein phenotype’, whichintegratesall that we known about postprandial
lipid changes described above (46). The main features of the atherogenic
lipoprotein phenotype are shown in Table 1.5.

Table 1.5. Some characteristics of the atherogenic
lipoprotein phenotype(L DL =low-density lipoprotein;
HDL = high-density lipoprotein).

Exaggerated postprandial lipaemia

Raised fasting plasmactriacylglycerols (>1.5mM)
Presence of small dense LDL

Reduced fasting HDL -cholesterol (<1mM)
Reduced proportion of large HDL

Presence of cholesteryl ester-rich remnant particles
Insulinresistance

Studiesin vitro have demonstrated that macrophages (white blood cells,
among whose functions is to consume ‘foreign bodies') have receptors for
remnant particles and are subsequently transformed into the cholesterol-rich
foam cells characteristic of atherosclerotic plagues. In prospective
epidemiological studies, men at the top of the distribution of plasma TAG
concentration and at the bottom of thedistribution of HDL concentration were
2-3 timesmorelikely to devel op ischaemic heart disease (44). Several studies
have shown that the extent of atherosclerosis is associated with prolonged
exposure to TAG-rich lipoproteins (44). The present concept is that a major

Copyright © 1999, 2009 PJ Barnes & Associates



44 LipipsIN NUTRITION AND HEALTH: A REAPPRAISAL

predisposing factor to arterial disease is an impaired TAG tolerance as
reflected inametabolismthat failstoremove TAGrapidly fromthecirculation
after the consumption of afatty meal (43).

Genetic basis of the atherogenic lipoprotein phenotype

Research suggeststhat the atherogeniclipoprotein phenotypehasastrong
genetic basis (46). Of particular importance are genes that code for various
lipase enzymes: lipoprotein lipase and hepatic li pase, described above, andthe
hormone sensitive lipase in adipose tissue that isinvolved in the mobilization
of fatty acids from the fat stores. Equally important are those genes that code
for various apoproteins, especially apoprotein E (apoE), whichisimportantin
therecognition of severa lipoproteinsby their receptorson cell surfaces. There
are several variants of the apoE gene in the population and one in particular
seemsto confer increased susceptibility to ischaemic heart disease. Variations
in the genesfor different enzymes and receptorsinfluence the efficiency with
which variouslipid-rich particles are removed from the circul ation. However,
it is not enough to ascribe a certain metabolic profile as being ‘geneticaly
determined’. A driving force in current nutrition research is the concept that
an individual’s metabolism is the result of interactions between genes and
environmental (nutritional) factors: each individual’s metabolic response to
food is determined by his or her genetic background. One person’ s response
to a fat-rich meal may therefore be rapid clearance and reversion to a
background postprandial state (Figure 1.3B); another’s will be a massive
lipaemiathat only slowly revertstoa’ normal’ postprandial state (Figure 1.3C).
Most importantly, interactions between nutrients and genes are not simply
passivein the sense that a given generesultsin a constant metabolic capacity.
Interactions can be active in the sense that nutrients themsel ves can affect the
way inwhich genes are expressed and therefore thelevel of metabolic activity
that results.

Influence of dietary fatty acids on postprandial lipid changes

There are surprisingly few published studies on the effect of meal
composition on immediate postprandial metabolism. Even these are difficult
to compare because different fatsand oilsand different level sof fat weregiven
in the experiments. It can be concluded that similar postprandial lipaemic
responses are observed when meals containing predominantly saturated,
monounsaturated or -6 PUFA are compared but that a meal containing a
significant quantity of n—-3 PUFA has the effect of attenuating
postprandial lipaemia (43).
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In addition to acute effects of fatty acids in a single meal, there is also
evidencethat habitual dietary fat intake can influence postprandial changesin
any onemeal. Again, it wasfound that when the background diet had included
relatively high intakes of n—3 PUFA for extended periods, triacylglycerol
toleranceto high-fat intakesin asinglemeal wasmuchimproved (43). It would
appear that dietsthat regularly contain about 2 g of long-chain n-3 PUFA from
fish oils daily result in reduced postprandial lipaemia of about 30%.

In practical terms, this level of -3 PUFA intake is condiderably more
thanthat in most human diets. Inthe UK, for example, averageintakesareonly
0.2 g daily of long-chain n-3 PUFA. Intakes of «-linolenic acid are higher
(about 1.3 g/day) but the effect of «-linolenic acid on postprandial lipaemiais
unknown. The appropriate levels of intake, the proportion of precursor to
long-chain PUFA and of n—6 to n—3 PUFA are important matters for future
research in regard to the question of triacylglyceral tolerance, which is
increasingly being regarded as a key aspect of lipid nutrition.

Endpiece

Perceptivereadersof Lipid Technology will beawarethat | havefrequently
expressed scepticism about amajor rolefor dietary lipidsin the development
of ischaemic heart disease. That remains my position, even though the work
on postprandial metabolism undoubtedly providesamorerational framework
for understanding nutritional influences on existing cardiovascular disease
than more conventiona approaches. One factor that has not been addressed
hereistheinteraction between physical activity and nutrition and thishasbeen
both insufficiently researched and acknowledged. The tendency towards
triacylglycerol intolerance would become less significant if activity levelsin
the general population were to rise even modestly.
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Chapter 2

Dietary Fats and Cardiovascular Disease

This chapter examines the scientific basis for the view that restriction of
consumption of saturated fatty acidsisa primary requirement in a strategy to
reduceor prevent heart disease and for the opposing view that such a strategy
islargely irrelevant.

The'*lipid hypothesis' isoutlined and the evidence supportingitisbriefly
discussed. Thisis the concept that over-consumption of saturated fatty acids
resultsin an elevated concentration of cholesterol in the blood, whichin turn
increases the risk of coronary heart disease mainly by causing severe
narrowing of arteries supplying blood to the heart. The scientific evidence
comesmainlyfromexperimental studieswithanimals, epidemiological studies
in different human populations and human intervention trialsin which the fat
component of the diet was modified considerably.

Much of the chapter is devoted to a systematic and critical examination
of the evidence. Firstly, fat consumption is examined in relation to the
prevalence of coronary heart disease as assessed from research published
worldwide. This section considers information from prospective and case-
control studies and also examines communities in the devel oping world that
havetraditionally eaten dietsrich in saturated fatty acids. It is concluded that
there is little association between dietary saturated fatty acids and
coronary heart disease.

Next, changes in coronary heart disease (CHD) mortality in different
countriesworldwide during the 20th Century are outlined and compared with
changesin consumption of total fatsand different fatty acids. There have been
rises, peaks and declines in CHD in most developed countries during this
century and, morerecently, risesin devel oping countries. Although there have
also been changes in fat consumption, the timing of these changes cannot
explain the disease changes. Although in small scale well supervised
experiments, significant reductions in blood cholesterol can be obtained by
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modest changes in the dietary fat composition, the results of large scale
community studies reveal that quite extreme diets are needed to achieve
worthwhile cholesterol lowering. Even then, the demonstrable rewards in
terms of reductions in non-fatal coronary events or CHD deaths are modest
or non-existent and there is little evidence for any overall saving of lives.

Arecent epidemiological study hasrevealed that inthe USA, deathsfrom
coronary heart disease steadily declined in the period 1987-94, whereas the
number of new casesidentified per year did not change. Snce what have been
assumed to be the major heart disease risk factors (high blood cholesterol,
high blood pressure and smoking) all declined significantly before and during
the same period, the importance of these ‘risk factors’ in causing the disease
would seem to have been overstated.

Coronary heart disease and stroke are two types of blood vessel disease,
thefirst affecting the heart, theother thebrain. Several ‘riskfactors' including
high blood pressure, smoking and diabetes are common to both but a high
blood cholesterol concentration, although a recognized risk factor for heart
disease is less obvioudly linked to stroke. Despite this, it has been almost
universally assumed that high intakes of total fat and of saturated fatty acids
are associated with strokerisk and that reduction of these dietary constituents
will self-evidently be helpful in preventing stroke.

Several publications have presented evidencethat thisisnot so. The most
recent study in the USA found that men with the highest intakes of saturated
fatty acids had thelowest incidence of stroke when followed for 20 years. This
inverse association remained significant after adjusting for all other known
risk factors for stroke. Despite attempts by the authors and editorial writers
in the same issue of journal to rationalize these findings in terms of public
health policy, theresultsunderlinethefutility of expecting to beableto prevent
cardiovascular disease by issuing general guidelines on dietary fat intakes.

In 1994, the UK Department of Health’s Committee on Medical Aspects
of Food and Nutrition Policy (COMA) reviewed scientificresearchondiet and
cardiovascular disease and made public health recommendations. As in
earlier reportsbythiscommittee, thefocuswasstill ondietary fat modification
as a means of preventing cardiovascular disease, with the emphasis on the
reduction of total fat and satur ated fatty acids. However, distinctionshave now
been made between the effects of n—3 and n—6 polyunsaturates and between
saturatesand acidswith transunsaturation; aceiling of 10% of dietary energy
has been put on intakes of polyunsatur ates.
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Thischapter arguesthat thescientificbasi sfor thefocusonfat modification
isweak and that the committee hasbeen selective and inaccurateinitscitation
of the scientific evidence in support of its case. Scientific objectivity has been
war ped by the demands of public health policiesand there are clear parallels
with the controversy over the role of salt in hypertension.

Background to the debate

Current public health policy

A mgjor shift in emphasisin UK public health policy has been evident
during the last years of the 20th Century, away from a health service that
concentrateson curing thesick towardsonethat putsmorestresson preventing
illness occurring. Because, rightly or wrongly, it is perceived that infectious
diseases have ceased to be the predominant health problem, emphasisisbeing
placed on the prevention of chronic diseases, the most important of which are
said to be coronary heart disease (CHD), cancer, diabetes and obesity.

In 1992, aUK Government document entitled ‘ Health of the Nation’ (1)
made recommendations for changes in lifestyle that were designed to meet
certain health targets. One such target was. “ To reduce death rates for both
CHD and stroke in people under 65 by at |east 40% by the year 2000, and to
achieve this the aims were to reduce smoking, increase physical activity and
change eating and drinking habits. Of al the many aspects of nutrition that
could have been addressed, the focus was overwhel mingly on modification of
dietary fat, the targets being:

« To reduce the average percentage of food energy derived by the population
from saturated fatty acids by at least 35% by 2005 (from 17% in 1990 to no
more than 11%).

« To reduce the average percentage of food energy derived by the population
from total fat by at least 12% by 2005 (from about 40% in 1990 to no more
than 35%).

Other targetsthat involved nutrition to some degree were concerned with
reducing the preval ence of obesity, reducing the proportion of the population
consuming more than a certain level of alcohol and reducing blood pressure.
There was no indication of the precise nutritional strategy recommended for
reduction of obesity and blood pressure but thetext implied an assumption that
these conditions would be improved by a combination of reductions in fat,
a cohol and sodium consumption and increases in physical activity.
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To help implement these strategies, the Department of Heal th appointed
a Nutrition Task Force, which aimed to:

« inform and educate consumers of all ages, including children;

« train specialists to ensure that the advice they give is up-to-date, consistent
and balanced;

« develop guidance for caterers on healthy catering practice;

» work with the food industry to reduce the fat content of products where
feasibleand promote the consumption of foods such asbread and other cereal
products, potatoes and other vegetables, and fruit.

Thefocus on fat and especially saturated fatty acids was consistent with
recommendations published in the UK Department of Health's ‘Dietary
Reference Vauesfor Food Energy and Nutrientsfor the United Kingdom’ (2)
(see also Chapter 4). The latest review of diet and cardiovascular disease
(CVD) from the Department of Health’s Committee on Medical Aspects of
Food and Nutrition Policy (3) also focused strongly on saturated fatty acids.
Similar recommendations are common throughout the world (4).

The scientific debate

Itiscommonfor ‘ expert’ committeeswho publishtheserecommendations
to state that the views represent an overwhelming consensus of international
scientific opinion and are based on the best scientific evidence available at the
time. A recent report onthedietsof Scots(5) (who have oneof the highest rates
of CHD mortality in the world) states that: “ Evidence linking specific
saturated fatty acidstoincreasesin blood cholesterol isoverwhelming, asisthe
causal role of the elevated levels of the cholesterol-containing low-density
lipoproteinsin promoting heart disease” . Thisreport however, acknowledged,
somewhat defensively, that opinion is not unanimous on this issue but
patronizingly castigated sceptical scientistsfor confusing the public. It stated:
“ Academic scepticism, backed by careful reading of the literature is a bonus
inresearchworkersinvolvedinclinical research, but canbecomeirresponsible
inthosewhosetask itistoimprovethe health of the Scottish people” . In other
words, truth and the scientific method are all very well for scientists in the
seclusion of their own laboratories but can be thrown out of the window when
it comesto public health.

There can be no doubt that controversy on this issue does exist
amongst scientists and physicians. This has been expressed in terms of
conflicting views on:
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» whether the recommended fat modifications will in fact reduce plasma
cholesterol enough to have an impact on the disease;

» whether, even if the recommendations were applicable to men, they would
be at all relevant to women;

 whether dietary recommendati onsaimed at reducing CHD shoul d bedirected
at thetotal population or individuals most at risk;

» whether dietary recommendations for CHD are equally applicable to other
forms of CVD such as stroke;

» whether it is worthwhile or positively harmful to have general population
screening for blood cholesterol; and

« whether lowering cholesterol might not actually do more harm than good for
those who are not at particularly high risk.

Furthermore, there are those who question the whole scientific basis for
‘the lipid hypothesis'. These points of controversy have been discussed by
myself and others (6-11).

Theaim of this chapter isto examinein considerable detail the scientific
basisfor the propositionthat changesintheamount and typeof fat (particul arly
saturated fatty acids) in the diet will significantly reduce an individua’s risk
of developing CHD. Furthermore, if adopted asapublic health measure, it will
reduce the national mortality and morbidity from this disease. | will discuss
evidence for and against this proposition.

Cardiovascular disease

Cardiovascular diseaseisabroad term that embracesdi seasesof theblood
vessels of the heart (CHD), brain (cerebrovsacular disease, stroke) and the
limbs (peripheral vascular disease). Put in over-simplified terms, CVD is
usually a culmination of two processes. atherosclerosis and thrombosis. In
atherosclerosis there is an accumulation of materia (‘ plague’)in the walls of
arteries of cells, comprising connective tissue, lipids, calcium and debris
resulting from cellular breakdown. The overall effect isto cause thickening of
the arterial wall and narrowing of the arterial lumen through which blood
flows. At a certain point, this ‘plaque’ may rupture, generating a series of
biochemical events leading to the formation of aclot or ‘thrombus’. When a
thrombus blocksamajor vessel supplying the heart, such asacoronary artery,
blood (and therefore oxygen) supply to the heart is cut off (ischaemia),
resulting in damage to the heart muscle. (Hence, CHD is often also called
‘ischaemic heart disease’, IHD.) Such damagein arestricted areamay lead to
anon-fatal myocardial infarction (heart attack). More extensive damage may
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cause death. Various symptoms resulting from arterial disease may occur
without the patient experiencing a heart attack. These may involve the
muscular pains of angina or the effects of irregular heart beat (arrythmias).

In‘stroke’, the affected blood vesselsareinthe brain. Therearetwomain
typesof stroke, and it seemslikely that the natural history of each, and at |east
some of the risk factors involved in their development, are different. In
haemorrhagic stroke, bleeding occurs from a damaged vessel into the
surrounding brain tissue; in ischaemic stroke, athrombus (blood clot) forms
and blocks avessdl, thus cutting off blood supply to an area of the brain. The
latter isthemorecommon forminwestern devel oped countries (about 80-85%
of al stoke) and the sequence of eventsis similar to what happensin a heart
attack. The course of the ensuing illness depends on the part of the brain that
isaffected and the degree of ischaemiabut paralysis, speech defects and death
are common.

Evidence in support of the lipid hypothesis

The lipid hypothesis

The lipid hypothesis had its origins in the early part of this century in
attempts to reproduce some of the pathology of atherosclerosis by giving
animalsdietsrichincholesterol. It wasnoticed that the animal sdevel oped high
concentrations of lipids in the blood but it was not until the 1950s and 1960s
that theinfluence of dietary fatson blood cholesterol in animal sand man began
to be studied in asystematic way (12). Keysand his colleagues also embarked
ontheir classical epidemiological investigation— The Seven Countries Study
— that produced cross-cultural evidence for associations between dietary
saturated fatty acids (SFA), blood cholesterol and CHD mortality (13).
Together, thisearly work gaverisetothelipid hypothesis, whichfor convenience
will be considered in four parts.

« Diets containing a high content of fat/SFA/cholesterol lead to high blood
concentrations of cholesterol [especialy low-density lipoprotein (LDL)
cholesterol].

« Thisresultsin high morbidity and mortality from CHD.

« Reducing the amount of fat/SFA/cholesterol in the diet will reduce blood
cholesterol (especialy LDL-cholesterol) concentrations.

e This in turn will result in a lower risk of CHD and eventualy a lower
morbidity and mortality from the disease.
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It isimportant to bear in mind that CHD isacomplex disease with many
contributory components. The hypothesis as stated here over-simplifies the
issues. As knowledge has devel oped, attention has switched from the role of
cholesterol itself to the lipoprotein fractions of which it is a component and,
morerecently, fromtheinfluenceof diet ontheatherosclerotictothethrombotic
component of the disease. Furthermore, there has been, and continues to be,
confusion over whether it is the amount or type of dietary fat that is most
important in determining risk. In this brief review, the emphasis will be on
composition of the dietary fat but readerswill find further detail of the effects
of type versus quantity of dietary fatsin Chapter 1.

Intheliterature, reportsdeal with either plasma, serumor blood cholesteral.
Although these are not synonymous, | will consistently use the term *blood
cholesterol’ for smplicity. | have referenced what | consider to be the most
important points. However, where statements have not been referenced in the
text, readers can consult my more detailed reviews (6,14). In the following
sections| will present evidencefor each of thefour partsof thelipid hypothesis
outlined above, providing evidence mainly from animal experiments, human
intervention studies and epidemiol ogy.

Fat consumption and blood lipids

In someanimalsthereisamarked risein blood cholesterol in responseto
cholesterol in the diet, whereas in others the rise is minimal.

Inclusion of crystalline cholesterol in human dietsdoesnot elicit arisein
blood cholesterol and most experiments haverelied on supplementing the diet
with eggs. Meta-analysis of 68 clinical trials representing 1490 subjects
demonstrated that blood cholesterol rises an average 2.3 (SD, 0.2) mg/dl
(0.059 mM) for every 100 mg/day increasein dietary cholesterol (15). Some
epidemiological studies also suggested a linear association between dietary
and blood cholesterol. It is clear that, like other animals, some individual
human beings respond strongly, others weakly or not at all, to dietary
cholesteral.

Cross-cultural epidemiol ogical studieshavegenerally demonstrated strong
correl ations between average consumption of SFA and mean blood chol esterol
concentration (13). The weak or absent correlations within countries have
been explained, according to some authors, by the relatively narrow range of
intakescomparedtothosebetween countries. Thecross-cultural epidemiol ogical
results are confirmed by much experimental evidence that diets rich in SFA
raise cholesterol to a significant extent
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(16). Keys and Hegsted developed formulas to predict the extent of
change in blood cholesterol that would result from changes in SFA and
polyunsaturated fatty acid (PUFA) intakes expressed as percentage of energy
and dietary cholesterol expressed as mg/1000 kcal. These have been recently
refined and updated (17) (see also Chapter 1).

Three SFA are considered to be ‘cholesteral raising’: lauric (12:0),
myristic (14:0) and palmitic (16:0). Their activities depend on a broad range
of dietary interactions (see Chapter 1). Early research regarded the
monounsaturated fatty acid, oleic acid (18:1), as neither raising nor lowering
cholesterol. Several recent studies haveindicated that monounsaturates, when
substituted for SFA, were as effective as —=6PUFA in maintaining low blood
cholesterol. PUFA of then-3family lower blood triacylglycerols(which some
consider to be another risk marker for CHD, see Chapters 1 and 4) but not
cholesterol. A recent reappraisal of the effects of monounsaturates with trans
unsaturation concluded that they werea most aseffectiveastheC —C,  carbon
SFA inraising blood cholesterol, whilea so lowering high-density lipoprotein
(HDL) cholesterol (18). Itiswidely consideredthat animportant index of CHD
risk istheratio of LDL-cholesterol to HDL-cholesterol.

Raised blood lipids and CHD risk

Animal experiments as early as the 19th Century provided some of the
first indications that fatty substances in blood could lead to atherosclerosis.
Many authorshave considered that these changes seeninrabbits, rats, pigsand
non-human primates, among others, sufficiently resemble atherosclerosisin
man to provide sound evidence for a primary role for circulating lipids,
especially LDL, intheinitiation of atherosclerosis. Nearly all animal research
hasbeen concerned with atherosclerosissinceit isunusual, though not entirely
unknown, to find CHD or coronary thrombosisin animals.

Patients with familial hypercholesterolaemia, an inherited disorder
characterized by abnormally elevated concentrationsof LDL, haveahigh risk
of CHD, onereport suggesting that there is a52% chance of fatal or non-fatal
CHDinmenby age 50. Many authorshavedescribed extensiveatherosclerosis
in persons with familial hypercholesterolaemia, whose blood cholesterol
concentration may reach 10-15mM in heterozygotes and up to 30 mM in
homozygotescomparedwith 5-6 mM inthegeneral population. Thesefindings
aresaidto providethemost persuasiveevidencefor adirect link between blood
LDL and CHD (19).

Turning to epidemiology, the Seven Countries Study (13) found a strong
correlation between blood chol esterol concentration and mortality from CHD.
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Several ‘cohort’ or ‘prospective’ studies have shown that individuals with a
high blood cholesterol concentration at baseline are more likely to develop
CHD over the next 10-20 years than those with lower values. These have
demonstrated a strong graded relationship between blood cholesterol and
CHD, occurring in both sexes and independent of all other risk factors (20).
Other studies of populations that migrated from areas of low to high CHD
incidence a so supported theideathat thereis a strong influence of dietary fat
and blood cholesterol on CHD mortality.

Reducing blood lipids by modifying dietary fat

Numerous experiments with animals indicate that replacing SFA by
unsaturatedfatty acidsor carbohydratesgenerally resultsinlower concentrations
of total blood cholesterol. There are wide differences in responsiveness,
rabbits tending to exhibit exaggerated responses, dogs and rats a limited
response and non-human primates a wide range of responses.

A comprehensive review of small scale experimental dietary studiesin
human beingssuggeststhat for every 1% energy from SFA replaced by linoleic
acid (18:2), there is an average reduction in blood cholesterol of 0.13 mM
(5 mg/dl) (16). Intakes of up to 12% of energy as 18:2 do not affect blood
HDL but amounts of 18:2 (but not 18:1) above this concentration cause a
reduction in HDL.

Many interventiontrials, conducted to test thelipid hypothesis (mainly in
subjects at high risk), have also provided information on the extent of blood
lipid changes consequent upon modifying the dietary fat. Reductionsin blood
cholesterol of up to 16% have been achieved over periods of 1-5 years. These
have been influentia in supporting arguments for the benefits of extensive
changesin dietary fat in developed countries (21).

Reducing CHD risk by reducing blood cholesterol

Thebest evidencerel ating modification of bloodlipidsto changesin CHD
morbidity and mortality has come from intervention trials set up specifically
to test the lipid hypothesis. In these, lipid lowering was achieved either by
means of drugs or by dietary change. In genera, it has been easier to
demonstrate clear lipid lowering effects with drugs. They lend themselves
more readily to double-blind placebo controlled design, their action is more
specific and adherence by subjectsto the treatment islikely to be stricter. One
study haseven used surgical intervention (removal of part of thegut) toreduce
lipid levels with positive results.
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There have been many primary (involving people without obvious CHD)
and secondary (involving people who have already had a heart attack)
interventiontrialsusing diet tolower blood cholesterol (21). Somedemonstrated
significant reductionsin CHD deaths but many more showed improvements
innon-fatal coronary events. Sometimesdietary treatment was combined with
modification of other risk factors, such as smoking or blood pressure, leaving
the quantitative contribution of dietary change uncertain.

Neverthel essit hasbeen claimed that, takentogether, theresultsof dietary
and drug trials show that for every 1% reduction in anindividual’ stotal blood
cholesterol, a2% reductionin CHD risk canbeexpected. In 1994 aninfluential
series of publications concluded that the link between blood cholesterol
reduction and CHD had been grossly underestimated. The authors calcul ated
that areduction in blood cholesterol of about 0.6 mM (which is about 10% of
the average value in the UK) would be equivaent to a 27% reduction
in CHD mortality (22).

A strong view that diet, blood lipids and CHD are intimately linked has
been stated by Blackburn (23). Hestates: “ There hasprobably been asmall but
significant dropinthepopul ation averagelevel of total serum cholesterol inthe
last 20 yearsintheUS, largely expl ainableby known changesinthecomposition
of thediet during thisperiod” . Without question there hasbeen avery dramatic
fall in CHD mortality in the USA in that period.

The next sections examine contrary views and present arguments agai nst
aprimary role for SFA in CHD.

Evidence against the lipid hypothesis

Toassessthevalidity of proposed linksbetween dietary SFA, blood lipids
and CHD, | shall examine three sorts of scientific evidence:

* studies that have recorded existing dietary patterns and related them to
prevailing disease;

« studiesthat try to match changesin diet over periods of timewith changesin
disease incidence during the same periods; and

* interventionstudiesinwhich specificdietshavebeenimposed and subsequent
responses in blood lipids and/or the occurrence of coronary heart disease
events have been recorded.
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What can be learned from observation of diet and
disease patterns?

Several different epidemiological approaches have been used to assess
diet—diseaselinks. In asimple cross-sectional study onemay observefood and
nutrient intakes in a representative sample of a population and relate those to
prevailing patterns of the disease of interest. Such surveys may involve
comparing communitiesin many different countriesor withinasinglecountry.
Theformer hasthe advantage that diets vary widely, offering more chance of
detecting a diet—disease association, but the disadvantages that dietary
information may not be comparable and that many factors other than diet will
differ. In the latter, there is a better chance of controlling different variables,
but differences in dietary habits might not be large enough to observe
associations. Clearly, if current disease had been influenced by previous diet,
this method has limited value.

A case-control study may be more informative. In these investigations,
peoplewith diagnosed CHD (cases) are matched against controls chosen to be
assimilar as possible to casesin all respects other than suffering from CHD.
Case-control studiessuffer from the problem that dietary assessmentisusually
retrospective and therefore unreliable and that matching of casesto controlsis
frequently inadequate. A better method is the prospective or cohort study in
which certain characteristics (for example, blood cholesterol) of a group of
people (the cohort) are measured at the start of the study and the
group is followed over a period of time and both fatal and non-fatal CHD
events are recorded.

Reliablemeasurement of food and nutrient intakesisdifficult. International
epidemiological studies often rely on food supply information provided by
government departments or international agencies and these tend to
over-estimateindividual intakes. Surveysof individual eating habitshaveused
avariety of methods. A simple oneisto ask the subject to record al that was
eaten over thepast 24 hours, which clearly may not represent |long-termintake.
Some methods rely on subjects weighing and recording all the food they eat
over aspecified period, which istedious and may encourage peopleto change
their eating habits to make recording simple.

L arge studiesnow tend to empl oy food frequency questionnairesinwhich
the frequency of consumption of specified foods is noted. All these methods
rely on food composition tables to transate foods eaten into nutrients. These
may or may not represent accurately the composition of thefoodsactually used
by the subjects. For assessment of fatty acid intakes, it is now common to
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analyse adi pose ti ssue composition asameasure of long term intake of certain
fatty acids, especially linoleic acid. This method cannot give information on
the amount of fat in the diet.

International studies

Themost cited study in favour of alink between saturated fatty acids and
CHD is the *Seven Countries Study’ (13). Graphical representations of the
resultsshow amoreor lessstraight linerel ationship between theintake of SFA
as apercentage of dietary energy and either plasma cholesterol concentration
or CHD (but not total) mortality. The emphasis placed on this study is hardly
justified since other aspects of lifestylein thesewidely differing communities
werea so very different. Inthe case of Japan, for example, thelow SFA intake
was accompanied by a large intake of fish oil which may have a protective
effect against CHD that isnot mediated through plasmachol esterol (24). Diets
low in SFA may also be rich in fibre or other components that have an
hypocholesterolaemic effect.

The usual interpretation of the Seven Countries Study suffers from an
important logical defect. The seven countries were among 21 member states
of the Organization of Economic Cooperation and Development for which
statistics were available on average annual consumption of different types of
fats and on CHD mortality. Keys obtained a correlation coefficient for the
association between the percentage of energy as SFA and CHD mortality of
+0.84 for the 7 countries he selected. Wood (25) pointed out that there are
116 280 possible ways of obtaining asample of 7 from 21 and that fewer than
10% of samplesof 7 gaveacorrel ation coefficient equal to or greater than 0.84.
Indeed, correlation coefficients obtained by Wood ranged from —0.9 to +0.9.
Keys sample, therefore suffered from a selection effect so that no valid
inferences could be drawn from it concerning the relationship between
consumption of SFA and CHD mortality. Wood' s paper is rarely quoted and
provides an example of how certain ideas, statements or publications are
adopted without challenge by those who are reluctant to conceive that a
favouriteconcept may bewrong or iscertainly inneed of morerigoroustesting.

The present day equivalent of the Seven Countries Study is the World
Health Organization (WHO) MONICA project. Thismonitors 50 populations
in26 countriesworldwideincluding both devel oped and devel oping countries.
It hastaken account of many different ‘ risk factors' and hasnot focused simply
on blood cholesterol and dietary fat. Within Europe, the MONICA study has
shown, for example, that there is an eight-fold difference in CHD mortality
between the West of Scotland and Catalonia, but no significant differencein
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blood cholesterol concentration. A recent progressreport (26) found that three
factorsthat have hitherto been considered to be the most important in terms of
predicting heart disease mortality, namely smoking, high blood pressure and
high blood cholesterol do not reflect well the variation in CHD or total
mortality between populations.

The French Paradox

TheWHO MONICA Study includestwo centresin France: Toulouseand
Strasbourg. Renaud and de Lorgeril (27) regarded the situation in France as
paradoxical, inthat thereisgeneraly avery low mortality in that country from
CHD but a relatively high intake of SFA. They, therefore, examined the
literature for factors that might account for this apparent anomaly. They
concluded that the high wine consumption in France (about 20-30 g a cohol
from wine per day) may be partly responsible. Thislevel of intakeisjudged to
decreasetherisk of CHD by at least 40%. Many authors have assumed that the
main protective effect of alcohol is through its effect in elevating plasma
high-density lipoproteins (HDL) (28) athough it was appreciated that an
influenceonHDL could explainonly part of theeffect of alcohol on CHD (29).
HDL are particles that scavenge cholesterol from membranes and tissues
where it is in excess and transport it to the liver for disposal. A low
concentration in plasmaisassociated with increased risk of CHD. Renaud and
deL orgeril (27) dismissedthisargument onthegroundsthat HDL concentrations
in France are no higher than in other countries. They concluded that the effect
is mediated through platelet activation: alcohol has been shown significantly
to reduce platel et aggregation at levels of intake associated with reduced risk
of CHD. Plateletsare the cellular elementsin the blood that clump together to
seal a wound and prevent bleeding. However, an excessive tendency for
platel ets to aggregate in some people may lead to conditions that give rise to
acoronary thrombosis.

Intheir paper, the authors highlighted the * French paradox’ (Switzerland
isalsoinasimilar position) by showingacorrelation (Figure 1inreference 27)
between CHD and caloriesfrom dairy fat. Thecorrelation coefficientis +0.73,
significant at p<0.001. The authors claimed that dairy fat isthe only food that
issignificantly correlated with CHD mortality. France and Switzerland were
anomalousinfallingwell bel ow thestraight-line plot of CHD mortality against
dairy fat consumption, whilethe UK wasanomalousin the oppositedirection,
i.e. having a high CHD mortality but a somewhat smaller intake of dairy fat
than France and Switzerland. When the authors re-plotted the graph (Figure 2
in reference 27) adding in afactor for wine consumption, the correlation was
even higher (r = +0.87) and more highly significant (p<0.001). The pointson
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thegraph representing the UK, France and Switzerland were now much closer
totheline. This, the authors argued, demonstrates that, while the SFA in milk
fat are normally responsible for an increased risk of CHD, wine drinking in
Franceisableto counteract this effect through itsinfluence on the thrombotic
phase of CHD.

Renaud and de Lorgeril’s paper addresses an important point and,
perceptively, recognizes that the large differences in coronary heart disease
(CHD) between different geographical locationsare morelikely to result from
influences on the thrombotic than the atherosclerotic phase of the disease.
However, the authors do not convincingly make a case either for acausal role
for *dairy’ fat or for a protective role for wine.

Simple correlations between ‘dairy’ fat and CHD mortality can never
provide convincing scientific evidence because of the problems of selection
biasand of potential confounding factors. The same problem (25) occurredin
relation to the famous Seven Countries Study of Keys (13) discussed above.
In previous publications, but not in this one (why?), Renaud and de Lorgeril
distinguished between fat from cheese and that from other milk products (30).
When cheese fat was included, the correlation was not significant. They
postulated that the high concentration of calcium in cheese, but not in other
milk products inhibited absorption of saturated fatty acids on the basis of
experiments with rabbits (31). There is no experimental evidence for this
distinction in man, nor should there be a distinction theoretically. Whileit is
truethat the calciumin cheese, because of thelow pH, ismore solublethan that
in milk, whereit isbound strongly to phosphate centres, the distinction islost
once the digesta from these different foods enters the duodenum
where the higher pH allows strong interaction again between the calcium and
phosphate centres.

Regarding the* wineeffect’, theauthorsdiscussed thelack of evidencefor
a significant distinction between the effects of alcohol in wine and beer.
However, they provided no evidencewhatever that thetotal al cohol consumption
in areas they cite as having high CHD mortality (e.g. Belfast, Strasbourg) is
actually significantly lower than in Toulouse. In another study that compared
risk factors for CHD in Toulouse and Strasbourg, it was speculated that the
higher alcohol consumption in Strasbourg might account for the higher CHD
mortality in that city! (32).

There are dangersin trying to formulate an all-embracing hypothesis to
account for the unexplained patterns of a disease as complex as CHD. The
authors get themselves into alogical tangle trying to explain the anomaly of
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low CHD mortality and high dairy fat consumption in France both in terms of
(i) adistinction between fatty acidsin cheese versus other dairy products and
(ii) an effect of alcohol in wine but not in other alcoholic beverages. If it were
truethat cheesefatty acidsarenot well absorbed, then the same amount of dairy
fat in France, coming mainly from cheese, should result in a lower plasma
cholesterol in France than in the UK if, indeed, dietary fat is a major
determinant of plasma cholesterol. The European Monica Study, however,
clearly illustratesthat the average plasmachol esterolsin the two countriesare
very similar (33). Thedistinction between fatty acidstaken ascheeseand those
taken asliquid milk isspurious. The other argument, that the differenceisdue
totheeffect of alcohol on platel et aggregation, isequally suspect, asdiscussed
above. The authors need to explain why acohal from wine could somehow
affect platelets differently from alcohol from other sources. The author's
suggestion that wine is drunk with meals and, therefore, counteracts the
adverseeffect of themeal fatty acidson platel et functionremainsunconvincing
until corroborated by experiment. There are, of course, components of wine
other than alcohol that might explain an influence of wine on cardiovascular
disease risk but these were not adequately discussed by the authors.

There remain many anomalies, and CHD will continue to appear
paradoxical while investigators retain their fixation that diet is all
important. Many other lifestyle factors more important than diet have to be
plugged into the equation.

Migration studies

Too much confidence has a so been placed in migration studiesthat often
show that those who migrate from one country to another adopt the disease
pattern of their adopted country. Confidenceinthefrequently madeassumption
that thisisdueto changesin diet, especialy regarding intakes of SFA, must be
limited because other lifestyle characteristics also change (6). The
changesin plasmalipoproteinsand disease patterns cannot be attributed to diet
with any confidence.

Prospective studies

Among the longest running of the prospective studies has been The
Framingham Study, which has followed the fortunes of a large number of
peoplein asmall New England, USA, town since the late 1940s. Although it
has provided much information, now often taken for granted, about important
risk factors for CHD, it has never been able to demonstrate any relationship
between plasmachol esterol concentration and intakes of fat or cholesterol (6).
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Another large American prospective study has reported on associations
between consumption of transfatty acidsand CHD mortality. Theinvestigators
of theNursesHealth Study (34) reported that of 85 000 American nurses, those
consumingthehighest level sof transfatty acidshad a50% greater risk of CHD
than those consuming the lowest amounts. This association remained after
correction for known risk markers (age, smoking, blood pressure etc) and for
intakes of saturated fatty acids, linoleic acid, cholesterol, vitamin E, carotene
and dietary fibre. The association was significant only for trans fatty acids
from hydrogenated vegetable oils, not from ruminant fats. Theincreasein risk
was remarkably high considering that there was a difference of only 3.3 g
between the highest and lowest quintiles of consumption. It is doubtful
whether the food frequency questionnaire used to assess food and nutrient
intakeswould have been sensitive enough accurately to discriminate between
such close levels of intake.

In view of the apparent anomaly of high risk from industrially-produced
trans fatty acids and no risk from ruminant trans fatty acids (ruminant fats
contain trans fatty acid isomers that are qualitatively similar to those in
hydrogenated vegetable oils but in different proportions) it is prudent to
consider whether thetransfatty acids content of hydrogenated fatsmight have
been acting asamarker for socio-economi ¢ status (cheaper brandsof margarine
usually have a higher trans fatty acid content) or for other aspects of an
unhealthy lifestyle. Such a problem of ‘confounding factors' is an important
reason why the results of epidemiological studies alone cannot be considered
as conclusive evidence of the influence of specific dietary components on
health. Two European epidemiological studies published in 1995 (35,36)
which used the trans content of adipose tissue biopsy samples as an index of
long-term intake rather than the food frequency questionnaire methods, found
no association between trans intake and CHD.

The Caerphilly Study in South Wales, an area of high CHD mortality,
found that diet accounted for only 2% of the variance in plasma total
cholesterol. Moreover, this study has found no significant relationship
between intakes of any nutrient and the risk of a new CHD event
over a5-year period (37).

Several studies, designed prospectively, haveal so provided cross-sectional
data that allow us to compare fat intakes of people with CHD (cases) and
healthy controls. AsTable 2.1 shows, therehavegenerally beennodifferences
between fat intakes expressed either in g/day or as % of energy intake when
controlswere compared with peoplewho had suffered aCHD event. Insevera
of these studies, people free of CHD had higher energy intakes.
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Table 2.1. Dietary fat intakesin major prospective studies.

Study* Men who experienced:
no CHD event anincident CHD event

Number Fat consumption Number Fat consumption

glday % energy g/day % energy
1 780 114 39 51 106 40
2 7982 95 35 163 92 36
3 6632 86 33 309 87 35
4 287 129 41 50 118 40
5 827 142 42 30 130 42
6 891 144 39 110 140 40
7 2197 103 40 137 99 41

1 For details and references, see reference (6)

| reported above that the apparent lack of association between dietary fat
and CHD within countries (as compared with international studies) has
frequently been “explained” as being dueto the small dietary differences that
occur within countries (6). However, it is undeniable that within many
countries (for example the UK) there are very large differences in CHD
prevalence between regions. If dietary SFA were the main cause of CHD, as
many claim, then large differencesin SFA intake between regions ought to be
evident. In the UK thereisno evidence for large differences between regions
but there is evidence for large differences between individuals. Thus, an
important UK dietary survey (38) revealed that the average intake of SFA
among men was 16.5% of dietary energy but some peoplewere eating aslittle
as 10.6% and othersasmuch as22.4%. If SFA wereamajor factor in causation
of CHD, it is likely that these differences would be sufficient to revea an
association if there were one.

Communities with naturally high SFA intakes

In many Asian communities — particularly the Philippines, Polynesia,
and partsof India— coconut, ahighly saturated vegetableoil, hastraditionally
madeasubstantial contributiontofood andenergy intakes. Prior and colleagues
studied the inhabitants of the Polynesian islands of Pukapuka and Tokelau
(39). The percentages of energy derived from fat in these communities were
about 35% and 50% respectively and in each community the fat was provided
mainly by coconut. SFA provided about 28 and 48% of total energy respectively
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and PUFA about 2% in each community. These data, obtained by 7-day
weighing of household food items, were reflected in the adipose tissue fatty
acid composition. The proportionsof 12:0, 14:0 and 18:2 in the adi posetissue
were about 11%, 17% and 3% respectively in both communities compared
with 0.3, 4 and 3% in New Zeaanders of European origin. There can be no
doubt that coconut oil had dominated the diets of these communities over a
very long period and that, as aresult, intakes of the * cholesterol-raising’ fatty
acids were far higher than in the West.

Plasma cholesterol concentrations of Pukapukan men and women were
4.5 mM and 4.6 mM, while those of Tokelauans were 5.5 mM and 5.7 mM.
Thehigher levelsin Tokelauanswerejudged by theauthorstoresult fromtheir
higher intakes of SFA. Neverthel ess, these values are considerably lower than
those found in New Zealand (on average about 5.9 mM), where SFA intakes
are lower, and much lower than would be predicted from application of the
Keys/Hegsted formulae (see Chapter 1).

When Tokelauans migrated to New Zealand, their plasma cholesterol
concentration increased (40), despite a decrease in their consumption of
saturated fatty acids (45% to 21% of energy). However, their consumption of
cholesterol increased (85 mg to 340 mg/day). It is clear that, most other
lifestyle attributes being equal, differences in SFA intake may affect
plasma cholesterol to some extent but that overall the influence
of SFA is not dominant.

These reports also record that the people in these communities have
extremely low rates of CHD despite their high total fat and SFA intakes. The
same is true in Melanesia. In Africa too, CHD is rare among the Masai
despitetheir high consumption of SFA and Nigerians, with ahigh consumption
of SFA from palm oil, abeit with relatively low total fat intakes,
also suffer little CHD (41).

Therefore, despite constant propagandathat SFA are a cause of CHD, it
seems that there is little evidence from studies of what people are actually
eating to confirmthisview. Thestudiescited here have been concerned mainly
with cross-sectional data, which are snapshots of diets and disease prevalence
at any one time. In the next section | will discuss what can be
|earned by comparing changesin CHD over aperiod of timewith corresponding
changesin dietary habits.

Trends in heart disease mortality since 1950 in the UK

Coronary heart disease (CHD) isthe most common cause of death for men
inthe UK. In 1991, 81 611 men died from CHD in England and Wales (42),
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accounting for approximately 29% of al male deaths. (In the UK, population
data and statistics are often collected for the combined region of England and
Wales separate from those for Scotland and Northern Ireland.) Since the late
1970s, however, the death rate from CHD for men in England and Wales has
been falling steadily. CHD ismainly acause of death for older men; in 1991,
78% of male deaths from CHD were in those aged 65 and over (42).

Figur e 2.1 showshow thedeath ratefrom CHD haschanged for menaged
45-54in England and Wales since 1950. For 20 yearsthe mortality from CHD
rose steadily up to a peak in the mid-1970s. This rise was particularly
noticeable among younger men. In the youngest age group (3544 years) the
rate doubled between 1950 and 1972, while in the same period it went up by
only 30% for men aged 55-64. Sincereaching thispeak, themalemortality rate
from heart disease has dropped appreciably, and for younger groups
itisnow back to the levels of the 1950s and for the older groups considerably
below those levels.
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Figure 2.1. Coronary heart disease mortality in men aged 45-54 in England and
Wales as % comparison with the 1950 level. (In the UK, population data and
statistics are often collected for the combined region of England and Wales
separate from those for Scotland and Northern Ireland.).
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Of course, since the population has grown (especialy in the older age
groups due to increased life expectancy) the number of deaths from CHD has
increased. This explains why there were 74% more deaths from
heart disease in 1991 than in 1950.

Trends in heart disease mortality since 1950 in several
other countries

Figur e 2.2 showsthat trendssimilar to thosethat have occurred inthe UK
have also taken placein the USA, Australiaand New Zealand, among others
(43). Of particular interest isthat in alarge country like the USA the peak in
heart disease deaths and the subsequent sharp fall occurred at different times
in different parts of the country (44). Thus, while the national decline did not
start until about 1968, the peak was reached first in California around 1950,
followed by the North Eastern statesbut did not start in the South Eastern states
until well into the 1970s. Another important observation isthat, in each area,
thetrendsand their timing havebeen similar among whiteand black peopleand
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Figure 2.2. Comparison of coronary heart disease mortality rates in men aged
45—65 in four countries (expressed as deaths per 100 000).
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inthedifferent social classes, although the absol ute rates of mortality between
different sections of the population may have been very different. On average,
a massive 39% decrease in CHD mortality occurred in the USA between
1970 and 1985 and the figures for Australiaand New Zealand were 54% and
34% respectively (45).

Inseveral Eastern European countries, however, CHD mortality hasbeen
rising and has not yet peaked.

Heart disease statisticsfor Japan are particularly interesting. Thiscountry
has always had a remarkably low rate of CHD compared with Western
industrialized countries but even this low rate has been decreasing since 1950
and continues to do so (43,45).

Two observationsabout thesefiguresare particularly important. Thefirst
isthat they apply only tomen. Heart di seasedeath rateshaveal waysbeenlower
inwomeninall countriesand athough the direction of changesamong women
havebeen broadly similar, theratesof changehavenot. The second pointisthat
only mortality rates have been discussed since the data are relatively easy to
obtain and are reasonably accurate in the countries mentioned.

Information ontheincidence of non-fatal CHD eventssuch asmyocardial
infarction or anginapectorisislessreadily available and lessreliable but what
little evidence thereis suggeststhat incidence has not fallen nearly so much as
mortality.

Trends in fat consumption since 1950 in the UK

Figure 2.3 shows the percentage of energy derived from fat, a key
measure by which dietary targets are assessed. These figures are from the
Ministry of Agriculture, Fisheries& Food ‘s estimates of UK household food
supplies (46). They show that the percentage energy from fat increased by
about 10% over thefirst 20 post-war years and hasremained at about the same
level sincethen. The steady declinein CHD mortality sincethelate 1970s has
thereforeoccurred during aperiod when the proportion of fatinthediet did not
change.

The percentage of food energy derived from saturated fatty acids (first
calculated in 1972) changed little during the 1970s, then started to fall around
1980. This fall did not precede the decline in overall male death rates
from CHD and occurred well after the decline in CHD mortality for
middle-aged men.

Because, in simple terms, dietary saturated and polyunsaturated fatty
acids have opposing effects on blood cholesterol (one of the markers of heart

Copyright © 1999, 2009 PJ Barnes & Associates



70 LippsIN NUTRITION AND HEALTH: A REAPPRAISAL

50

ToTAL FAT
N /_/—/__\’_‘

30

S
s

Fat and fatty acid intakes (% total dietary energy)

M
10
Wﬂ
0
1950 1960 1970 1980 1990

Y ear

Figure 2.3. Changes in fat and fatty acid intakes as % of total dietary energy in
the UK. These figures are from the UK Ministry of Agriculture, Fisheries &
Food’s estimates of household food supplies. S = saturated fatty acids;

M = monounsaturated fatty acids; P = polyunsaturated fatty acids.

diseaserisk) many peoplehaveargued that trendsintheratio of polyunsaturated
to saturated fatty acids (P/S) are of more significance than trendsin saturated
fatty acids alone. Figure 2.3 illustrates that there has been a steady upward
trend in thisratio since 1950, which is still continuing, during which time the
mortality from CHD has risen, peaked and then fallen. Dietary intakes of
monounsaturated fatty acids, whosehealth effectshavereceived aconsiderable
upsurge of interest since the late 1980s, have been relatively stable.

Trends in fat consumption since the 1950s in some other countries

Figure 2.4 illustrates that, expressed as a proportion of energy intake
(47), total fat consumption in the USA, Australiaand New Zealand has been
remarkably stable while the Japanese have experienced a considerablerisein
fat intake. In Japan, fat represented only 11% of caloriesin 1960 but had risen
to 25% by the early 1980s (48). The increase was represented in al the main
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classes of fatty acids, saturates (3% to 14%), monounsaturates (4% to 15%)
and polyunsaturates (4% to 8%). During that time, heart disease mortality has
peaked and then fallen precipitately in the *‘Western' countries and fallen
steadily from an already low baseline in Japan.

The changes can be summarized as follows.

* Since the mid-1970s, the male death rate from coronary heart disease has
fallen in England and Wales and is now lower than in 1950.

* Total fat increased as a proportion of dietary energy up to 1970 and has
remained constant while the male death rate from CHD has fallen in
England and Wales.

 The death rate in middle-aged men started to decline before saturated fatty
acid intakes began to fall as a percentage of energy and the ratio of
polyunsaturates to saturates has risen steadily during a period when heart
disease mortality first increased, peaked and then fell.

* Inthe USA, Australiaand New Zealand, heart disease mortality peaked on
average in about 1968 and fell dramatically thereafter. The proportion of
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Figure 2.4. Comparison of the changes in fat and fatty acid intakes as % of total
dietary energy in four countries.
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energy from fat remained relatively constant during this period. In Japan,
heart disease mortality, already much lower than in the West, continued to
fall steadily while fat intake has risen steeply as a proportion of dietary
energy.

Thecompletelack of correlation of changesin total and animal fat intakes
in 27 different devel oped and devel oping countries has been well summarized
by Yarnell and coworkers (49). The population characteristics that were best
correlated with changes in total cardiovascular mortality (but not with CHD)
were annual income per person and infant mortality rates. It seemslikely that
answers to the riddle will need to be sought in terms of socio-economic
conditions that prevailed sometime in the past.

Time trends in coronary heart disease statistics: new
epidemiological evidence

Thereview by Yarnell et al. (49) on cardiovascular risk factors pointed
upimportant differencesbetween correl ationsof risk factorsand cardiovascul ar
mortality and correlations of risk factors and incident coronary disease. More
recently thisimportant distinction — between mortality and diseaseincidence
— hasbeen brought into sharp focus by apublication from the Atherosclerosis
Riskin Communities (ARIC) Study inthe USA (50). Thisstudy, which started
in 1987, examined the incidence of and mortality from coronary heart disease
infour areas (' communities’) throughout the USA. It found that overall CHD
mortality in hospital declined by 5.1% per year, whereas mortality out of
hospital declined by about 3.6% per year. Thereweredifferencesbetween men
and women and between black and white people but the trends were similar.

In contrast to these mortality statistics, therewasno evidence of adecline
in the incidence of hospital admissions for people with a first heart attack
among men or women, black or white. Indeed hospital admissions increased
somewhat for black people. Rates of recurrent heart attacks decreased and
survival after a heart attack improved. These data suggest that reduction in
mortality isaresult of improvementsinthetreatment and secondary prevention
of heart attacks rather than improvements in the rates of occurrence of first
heart attacks and a reduction in underlying arterial disease.

The importance of distinguishing incidence and mortality

Beforethe publication of the ARIC study, the overwhelming emphasis of
publications had been on mortality rather than on non-fatal heart attacks or
other manifestations of CHD morbidity. Mortality statistics, with differing
degrees of reliability, are collected in most countries, whereas few data on
incidence (defined as new cases of heart disease appearing in the population
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per year) have been availableand their reliability wasquestionable. The ARIC
study has broken new ground by collecting reliable data on CHD incidence.
Becausesuchwork isinitsinfancy, the collection period hasbeen only 8 years
and there is some question as to whether these incidence data are entirely
representative of thewhole USA. Neverthel ess, withinitslimitations, thework
was carefully done and provided good evidence that incidence has not fallen,
and may haveactually risen somewhat inblack people. Set agai nst abackground
in which strenuous efforts have been made for at least the last 30 years to
educate people about therisk factorsfor CHD and how they might bereduced,
these findings prompt closer examination of those risk factors and how
they have changed.

Risk factors for CHD

Rosamond and colleagues (50) did not attempt to measure changesin risk
factors and did not make more than passing reference to them in their
discussion. As early as the 1960s, the principal risk factors for CHD were
identified (tomost peopl € ssatisfaction) ashypertension (high blood pressure),
hypercholesterolaemia (high blood cholesterol) and cigarette smoking.
Although many other potential risk factors have been identified subsequently,
and ideas about the roles of different components of blood cholesterol have
become more sophisticated, these 3 major risk factorsremain, inthe 1990s, the
principa targets of public health programmes.

Data from the US National Health and Nutrition Examination Surveys,
for theperiod 1976 to 1994, indicatethefollowing overall changesin theserisk
factors (51):

* 40% decline in the prevalence of hypertension;
* 28% decline in the prevalence of hypercholesterolaemia; and
* 25% decline in cigarette smoking.

Itisclear that thesevery substantial reductionsinrisk factors, whichapply
to both sexes and to black and white people, have not had the expected
influence on CHD incidence. (Thisof course makesthe necessary assumption
that the data of Rosamond et al.(50) are representative of incidence statistics
forthe USA asawhole.) Oneof several possibleconclusionsisthat theoriginal
hypothesis (that these so-called risk factors are directly involved in causation
of thedisease) waswrong. Inan editorial inthe sameissueof thejournal, Levy
and Thom (51) described the fact that there was no decline in the incidence of
myocardial infarction in the ARIC study when the prevalence of causal risk
factors was reduced as a “puzzling paradox”. They suggested
three possible explanations.
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Their first suggestion was that there had been a failure of primary
prevention at anational level. Thiswasdismissed onthebasisthat themainrisk
factors (smoking, blood cholesterol, hypertension) had definitely declined.
The second suggestion was that the ARIC results were valid but not
representative of the USA asawhole. Third, they argued that themost probable
explanation was that incidence of myocardial infarction had indeed declined
across the USA but that this had not been reflected in the ARIC data, which
wereinvalid for “avariety of complex reasons that influence all surveillance
studies of trends in the incidence of myocardial infarction”.

Readerswill note the circular arguments employed and the failure of the
editorial writers (both officials of the Nationa Heart, Lung and Blood
Institute) to recognize the simplest of all explanations: namely that when
evidence continually failsto support ahypothesis, the hypothesis may need to
be discarded. The paradox that these authors found so puzzling is neither
“puzzling” nor a“ paradox”, onceit isacknowledged that the so-called primary
risk factors are not primarily involved in the causation of the disease.
Theeditorial writers give themselves away when they refer to adeclinein the
prevalence of causal risk factors. These risk factors have been established by
epidemiological studies that provide only statistical associations and cannot
provideinformation about cause and effect rel ationships. No research hasever
proved that high blood chol esterol causes coronary heart disease, | et al onethat
high intakes of saturated fat do so.

Experiments with human subjects designed to reduce
blood cholesterol and coronary heart disease: testing
the lipid hypothesis

Inthisreview of the evidence for and against the lipid hypothesis, | have
sofar described observationsof peoplewith or without heart diseaseinrelation
to characteristics such as the concentrations of lipids in their blood and the
composition of lipidsintheir diets. Some have claimed that these observations
fit a pattern that is consistent with a primary causal role for dietary saturated
fatty acids (SFA) and cholesterol in CHD (e.g. see reference 3); | have
argued in preceding sections that the associations are at best tenuous and at
worst non-existent.

Such evidenceis certainly circumstantial and, being based on statistical
associations, cannot provideinformation about whether SFA cause CHD. Itis
common to find epidemiologists asserting this important caveat at the outset
and then later breaking their own rules (3). The only true test of an hypothesis
isby experiment and the following sections will discuss experiments set up to
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test the hypotheses that (i) modification of dietary fat will result in lowered
blood cholesterol concentration, and (i) lowered blood chol esterol concentration
will result in reduced CHD.

It would have been idedl if the hypothesis had been expressed in more
specific termsi.e. “reduction of SFA intakes” or “reduced CHD mortality” so
that the results could have been scientificaly sharper. In practice, some
experimentshavereduced total fat and dietary chol esterol aswell asmodifying
fatty acid composition. Somehavechosen astheir end pointstotal CHD events,
including deaths, while others have considered all-cause mortality. Some
experiments havefocussed on blood chol esterol asthe “modifiablerisk factor’
(singlerisk factor trials) and have sought toinvestigate the effectsof either diet
or adrug or a combination of the two. Others have sought to modify several
risk factors (e.g. blood cholesterol, blood pressure, body massindex, smoking
habit, glucose tolerance) at the same time (multiple risk factor trials). These
variationshavetended towardsalack of clarity in assessing theoverall results.

Will changing diet lower blood lipids ?

Thereis avast amount of experimental work to show that changing the
amount and type of fat in the diet of subjects under carefully controlled
experimental conditions will modify plasma cholesterol. | have discussed
theseat somelengthin Chapter 1 andwill not gointo detail here. Thesestudies
have mainly involved relatively small numbers of subjects supervised under
|aboratory or metabolic ward conditions, that may have been far removed from
‘normal life’. Many were conducted in institutions for patients with medical
conditions(inthe case of the Keysstudies, with schizophrenic subjects). There
isalwaysroom for doubt about thevalidity of extending the conclusionsto the
general population.

Scientifically, these studies are important in demonstrating the
physiological effects of particular oils or even individual fatty acids under
defined conditions. However, from the point of view of practical nutrition and
the effectiveness of population strategies for the prevention of heart disease,
theimportant question iswhether advice to modify dietary fat bringsabout the
desired changein ‘real life' ? A recent review examined the effects of dietary
modification in 16 major intervention studies (52).

Although each study wasdifferentinmany respects, they could bedivided
into two groups according to the stringency of the diet.

In Group 1, fat contributed less than 30% of total energy, cholesterol less
than 300 mg per day and the PUFA to SFA ratio wasabout 1. For most people
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in*Western' countries, thiswould represent quite amarked changein diet but
could just be considered practical. These diets resulted in reductions in
cholesterol from 0.2% to 4% in nine studies, no changein one and an increase
in 1% in another. Taken overal, therewaslittleimpact on plasmacholesterol.

The diets in Group 2, however, were considerably more extreme.
Fat again contributed less than 30% energy, cholesterol intake was less than
200 mg/day and theratio of PUFA to SFA wasvery high at 1.4. Many people
would find difficulty in adhering to this diet for very long and would amost
certainly need great encouragement and supervision. These diets, however,
resulted in falls ranging from 6.5 to 15.5%.

These conclusions contrast sharply with the assertion in many guidelines
that cholesterol will fall by 10-25% in response to diet similar to thosein the
Group 1 studies. Why have perceptions been so unredistic? Too much
reliance has been placed on the results of short-term experiments involving
supervised captive populations. There has been a tendency to extrapolate
unjustifiably from studiesusing morerigorousdiets, from subjectswith higher
plasma cholesterols than the normal population and from drug trials which
tend to give larger and more consistent cholesterol lowering.

It is noteworthy that the most recent official UK report on diet and
cardiovascular disease (3) does not disputethe analysis presented in reference
(52) but simply saysthat “ This strongly suggests that the actual diet was not
the sameasthat prescribed over the period of thestudy” . Thissayslittlefor the
quality of the nutrition research on which the report bases its sweeping
statement: “Diet is amajor and modifiable cause of cardiovascular disease’,
or its far reaching recommendations for dietary change. It also sends the
message that because the results did not coincide with the Committee's
preconceived conception, the studies must have been flawed.

Does lowering plasma cholesterol reduce the risk of CHD?

The effects of modifying diet, blood cholesterol, or other ‘risk factors
may be put to thetest inrelation to any of these aspects of vascular diseasethat
come under the umbrellaterm ‘ coronary heart disease’ (see earlier section).
Thedirect effects on either atherosclerosis or thrombosis have not so far been
investigated very thoroughly because reliable methods for studying these
processes in living patients have been lacking.

Thrombosis

Experimental studies linking dietary lipids with thrombosis are still in
theirinfancy and havebeen of twomaintypes: effectson (i) platel et aggregation,
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and (ii) on different components of the coagulation cascade. Platelet studies
rely on tests of function in vitro whose relationship with events in vivo is
uncertain. These have been inconsistent, although some studies have shown
increased potential for aggregation in diets with a high intake of SFA (3). In
regard to components of the coagulation cascade, the blood concentration of
aproteincalled Factor V11 coagulantisastrong and independent risk factor for
CHD. Itisnow well established that the concentration of the activated form of
thisproteinincreasesin the blood after afatty meal, moreor lessin proportion
to the degree of lipaemia. In some studies the reduction of fat intake as a
proportion of dietary energy reduced the plasma concentration of Factor VII
but the composition of the fatty acids had no influence (53,54). In another
study, ahigh-fat, high-oleate meal led to greater activation of Factor VI than
alow-fat meal; moreover, ameal richin oleate had greater activating potential
than one rich in palmitate (55).

Most studies have found the concentration of plasma fibrinogen
(a powerful predictor of CHD) to be uninfluenced by dietary fat. The few
studiessofar reported onthe effectsof dietary lipidson thefibrinolytic system
(which dissolves clots) are conflicting (56). Studies on the effects of diet on
different parts of the blood coagulation system that are likely to influence
thrombosis are still in their infancy. Current knowledge has been
comprehensively reviewed (56).

Atherosclerosis

Studies in man, using angiographic techniques (radiological
examination of arterial width) to demonstrate progression or regression of
atherosclerosisinrelationtovarious‘risk factors', havenot been conclusive.
Successful studies have used drugs or surgery to lower blood cholesterol
(3); diet alone has not been shown to succeed. Many angiographic studies
have concluded that the rate of progression or regression is unrelated to
concentration of blood lipoproteins, family history, smoking habit, obesity
or blood pressure: all risk factors regarded as important enough to feature
in strategiesfor disease prevention (9). Dietary data have often been poor
and simultaneous changes in other lifestyle factors often makes
interpretation difficult. The fact that in some patients progression of
|esions may be observed in onelocation and regression in another suggests
strongly that local factors are more important than these ‘global’ risk
factors.

In one study (reviewed in references 3,6) surgical intervention, but
not arigorous diet, reduced LDL concentrations significantly. Although
the authors claimed that there were beneficial effects in the reduction of
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atherosclerosis progression, the measurement of progression was crude and
the claimed improvementsin the surgical group compared with controls have
to bejudged against abackground inwhich the proportion of subjectsinwhom
the extent of atherosclerosis worsened was aways vastly greater than the
proportion in whom the condition improved. At best, twice as many surgical

patients had a significant worsening of their disease as those who improved,

even when their total cholesterol was at a ‘favourable’ concentration of

4,7mM,LDL at2.7 mM andHDL at 1.1 mM. Thisseemstoindicatethat there
are more important factors resulting in atherosclerosis progression than the
lipoprotein profileand runscontrary totheideathat radical decreasesin plasma
cholesteral resultinsignificant regression of atherosclerosis. Mostimportantly,

therewasnosignificantimprovementin CHD mortality inthisstudy. Although
thiswas not a dietary study, | have included it in this critical review because
it has been cited as evidence that aggressive lipid lowering can be effectivein
reducing CHD risk and that by implication the results can be extrapolated to
diet (3).

Coronary heart disease

| have discussed the merits and deficiencies of theintervention studiesin
reference (6). There have been few primary prevention trials that intervened
with diet modification alone. They achieved small but significant reductions
in ‘coronary events but treated small numbers of subjects and had severe
design flaws. The largest published study, organized by the World Health
Organization(57),involved 60 881 people. Non-fatal coronary events, coronary
deaths and total deaths were respectively: 561, 450, 1341 (controls) and 505,
428, 1325 (treated) after intervention in respect of diet and four other risk
factors for up to 6 years. Differences were not significant.

Themost successful study (58),in Oslo, Norway, involved 1232 menwith
very high blood cholesterol concentrations. Risk factor interventions were by
dietary fat modification (achieving 13% reduction in blood cholesterol
concentration) and smoking reduction. Non-fatal coronary events, coronary
deaths and total deathswere: 22, 14, 24 (controls) and 13, 6, 16 (treated). The
reduction in non-fatal coronary events was significant but there are many
reasons why these results of this trial should not be generalized (6).

Despitethevolumesof wordsthat havebeenwrittenjustifying widespread
dietary change on the basis of theintervention trial's, astrong conclusion must
be that they fail the test: they provide little or no evidence for worthwhile
benefits of dietary modification in respect to coronary deaths, none in
respect of overall mortality, and only marginal benefits in regard to
non-fatal coronary events.
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These conclusionsarebrought out in analysesof theinterventiontrialsby
severa authors(reviewedin 6,9) although quiteadifferent pictureispresented
in other reviews (3,21). Indeed, a series of papers in the British Medical
Journal by Law and colleagues (reference 22, and reviewed in reference 3)
used sophisticated stati stical techni questo demonstratethat previousestimates
of benefit had been grossly underestimated.

Meta-analysis invariably involves some sort of selection of which trials
will be analysed and cannot compensate for flaws in the original research.
Problemshaveincluded poor design, selection by initial screening procedures
of subjects most likely to respond to diet, unjustified extrapolation from drug
trials to what the effects of diet may be, and from high risk individuals to the
general population, failure to abide by the originally chosen criteria for
statistical significance, and presentation of results in abstracts as significant
when, in the text they clearly fail to reach significance (6). In reviewing the
resultsof trial sasabasisfor formulating dietary guidelines, groupsof ‘ experts
have blatantly selected those trials giving a more favourable outlook (10).

Of particular concern has been the suggestion that cholesterol-lowering,
particularly by drugs, may lead to increased mortality from causes other than
cardiovascular disease (3,6,8). This may explain the apparent lack of impact
of cholesterol-lowering strategieson total mortality andiscited asevidencefor
the need for a cautious approach to the provision of population advice (59).
Arguments that these concerns are unwarranted (3) do not seem entirely
convincing and doubts are bound to linger. | have discussed thistopic in more
detail in a Lipid Technology article (60).

Other forms of cardiovascular disease: dietary fat and stroke

| have called this chapter ‘Dietary fats and cardiovascular disease’. As
outlined in an earlier section, CVD is abroad term that embraces diseases of
the blood vessels of the heart (CHD), brain (cerebrovascular disease, stroke)
and the limbs (peripheral vascular disease). A very large proportion of the
publishedwork ondietinrelationto CV D hasbeen concerned with CHD: very
little has been published on stroke. Y et in many devel oped countries, strokeis
thethird most common cause of death, after coronary heart disease (CHD) and
cancer. Despite the paucity of research, it isfrequently assumed that the same
risk factors are operative for CHD and stroke and that dietary associations
will be similar if not identical. It is important, therefore, briefly to review
work specifically on stroke.
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The epidemiology of stroke

Even from the little published work on stroke, it is quite clear that the
geographic distribution and time trendsin mortality from stroke and CHD are
quitedissimilar (61). Furthermore, the male excessin risk of CHD, especially
at younger ages, is not seen with stroke and amajor predictor of CHD, blood
cholesterol concentration, isless consistently associated with stroke. Patterns
of mortality among different ethnic groups in the UK are quite different
between CHD and stroke (3). In England and Wal estherewasasl ow but steady
fall in stroke mortality between 1900 and 1950; after 1950 a much steeper
decline began, which till continues (3,61). By contrast, male CHD deaths
showed a slow but consistent rise between 1900 and 1920, a steep rise from
1920 to the 1950s, followed by a slow but steady fall from the early 1960s to
the present day. The peak occurred in the early 1970s in middle-aged men.

These trends in stroke mortality have occurred in almost all developed
countries, although the rates of change have differed somewhat. Only in the
former Soviet countries has there been arise since 1970 (61). Whereas there
is aways room for doubt about the reliability of mortality statistics, the
magnitudeand consistency of thedeclineinstrokemortality and theworldwide
similarity in patterns speak against it being artefactual. In any case, there are
few reliable data on incidence (the number of new cases per year) but where
comparative statisticsexist, they tend to show that incidencerateshave moved
in paralel with mortality rates.

Given the assumptions about the close relationship between stroke and
CHD, despite these clear-cut differencesin epidemiology, it is not surprising
that assumptions have also been made that high intakes of fat and especialy
of saturated fatty acids must be implicated as risk factors for stroke.

The UK Department of Health's 1994 report ‘Nutritional Aspects of
Cardiovascular Disease’ specifically set out to review both heart disease and
stroke (3). Its dietary recommendations made no distinction between the two
diseasesand the conclusion must bethat the committeewere satisfied that there
was persuasive scientific evidence that reduction in total and saturated fatty
acids would reduce the risk of stroke. Nevertheless, they found that blood
concentrations of cholesterol less than 5 mM were associated with increased
risk of haemorrhagic stroke; no comment was made about the association
between ischaemic stroke risk and blood cholesterol. However, an American
study found only a weak association between blood cholesterol
concentration and ischaemic stroke (62).
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Severa piecesof evidencefrom Japan and Hawaii (cited in reference 63)
suggested that intake of both total fat and saturated fatty acids was inversely
associatedwithtotal strokemortality after adjustment for potential confounding
factors. By contrast, astudy in Sweden (64) found no associations between fat
consumption and stroke.

A recent American study

Becausethesestudieshad limited statistical power and becauseischaemic
stroke is relatively more common in Western as compared with Asiatic
countries, Gillman and colleagues (63) decided to re-investigate associations
between dietary fat and stroke, using data from the now famous Framingham
Heart Study. Thislongitudinal study of cardiovascular and other diseases and
their associated risk factors began in 1948. The original cohort consisted of
5209 men and women, who have since been examined biennially. Less than
2% of subjects have been lost to follow-up.

A subset of 832 men took part in the stroke study. They were between
45 and 65 years of agein 196669 and were free of cardiovascular disease at
that time. On average they consumed 11 MJ energy per day of which 39%
came from fat, representing 114 g per day. Average intakes of the main fatty
acid classes were: saturated (SFA) 44 g/day (15% energy); monounsaturated
(MUFA) 46 g (16%) and polyunsaturated (PUFA), 16 g (5%). The men were
followed up for 20 years during which time there were 61 cases of ischaemic
stroke. Using standard statistical techniques, theauthorscal culated therel ative
risk (RR) of stroke over this period for different levelsof intake of the various
typesof fatandfor total fat. Eachrelativerisk wasgivenaset of ' 95% confidence
intervals' (Cl) which provideameasureof thevariability of the measurements
and the degree of statistical significance. Confidence intervals that span the
value of 1.00 indicate that the RR is not significantly different from unity.

A summary of the findings is presented in Table2.2. The risk of
ischaemic stroke declined significantly from the lowest to the highest intakes
of total fat, saturated and monounsaturated fatty acids, but not polyunsaturated
fatty acids. No significant associations were found with haemorrhagic stroke,
but the number of cases was very small. For every 3% increase in total fat
consumption, therelativerisk of strokewas0.84 (i.e. a16% reductionin risk)
after adjustment for nine potential confounding factors. The corresponding
valuesfor SFA and MUFA were respectively 0.90 and 0.87. When the stroke
cases were divided into those who remained free of CHD at the time of their
stroke, the inverse association with fat intake remained the same. However,
in stroke cases who had also developed CHD, the association
disappeared (RR = 1.05, Cl = 0.88-1.23).
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Table 2.2. Associations between fat intakes and ischaemic strokerisk.

Quintiles of intake! P RR® 95%ClI
1 2 3 4 5

Number of stroke events?

Total fat 1123 84.8 57.2 534 418 0.01 0.84 0.75-0.92

SFA 1311 693 614 724 318 0.002 090 0.83-0.96
MUFA 1327 70.0 44.2 53.0 66.2 0.01 0.87 0.81-0.94
PUFA 853 754 695 74.4 58.0 041 - -

Datafromreference63. !Intakesof fat weredividedintofifths (quintiles) of thedistribution,
quintile 1 representing the lowest intake, quintile 5 the highest. 2Age-adjusted cumulative
ischaemic stroke incidence rates per 1000 subjects. *Relative risk of ischaemic stroke for
eachincrement of 3% of energy intakefor total fat and for each 1% of energy from SFA and
MUFA, adjusted for systolic blood pressure, cigarette smoking, glucose intolerance, body
mass index, physical activity, left ventricular hypertrophy and intakes of total energy,
alcohol, fruits and vegetables. Cl = confidence interval. SFA = saturated fatty acids;
MUFA = monounsaturated fatty acids ; PUFA = polyunsaturated fatty acids. The P value
relates to the significance of the trend from the lowest to highest values.

What do we make of this?

When published results are controversia, it is even moreimportant than
usual to ask searching questions about the strengths and weaknesses of the
study. A great deal of experience and expertise has goneinto the Framingham
study. There has been a notably low drop-out, the follow-up was over along
period and extreme care was taken to adjust for known confounding factors.
Of course there may well be some that are unknown and could not have been
included. The weakest aspect of the Framingham Study has always been the
measurement of dietary variablesandthispart of itisno exception. Whenusing
a single 24 hour recal dietary diary, there is an extremely high risk of
classifying a significant proportion of participants into an inappropriate
quintile of fat intake. The authors' claim that a more precise method would
have reveal ed a stronger association may betrue but, to thisreviewer at least,
it has ahollow ring to it.

Gillman and colleagues examined fat intakesin their subjectsin quintiles
of fat intake expressed as a percentage of energy. Table 2.2 in their paper
reveal sthat absol ute energy intakesdiffered two-fold among quintiles, 7.9 MJ
being consumed by subjectsinthelowest quintile of fat intakeand 14.4 MJby
thosein the highest. Despite these variations, physical activity and body mass
index did not differ across quintiles. These data reveal inconsistencies that

Copyright © 1999, 2009 PJ Barnes & Associates



2. DietarY FATs AND CARDIOVASCULAR DISEASE 83

should lead us to interpret measurements of fat intake with great caution.
Itisnot generally known that the Framingham Study has never convincingly
demonstrated associations between diet and cardiovascular disease. The only
rigorous dietary measurements made in the study were published only in
aUS Government report (65), not in generally accessible journals.

Inconsistenciesbetween different parts of the Framingham Study cometo
the surface in this paper. Thus, on page 2148 (column 1, second paragraph of
the ‘comment’ section) the authors refer to a paper that found a direct
associ ation betweenintake of total fat and saturated fatty acidsinthesamedata
set (66). They usedthis‘fact’ tojustify thereliability of their finding that stroke
andfat intakewereinversely associated, sincethe’ expected’ direct association
between CHD and fat intake was found in the same men (66). However, on
page 2149 (column 1, last few lines) they stated that their own data reveal ed
alack of association between CHD and fat intake. They used this ‘fact’ to
dismissthehypothesisthat their results could have been explained onthebasis
of ‘ competing mortality’ . Theargument goesthat subjectswhodied fromCHD
(whichtendsto occur at earlier agesthan death from stroke) would benolonger
susceptible to stroke. Thus, survivors of CHD, who might be candidates for
stroke, would tend to have lower intakes of fat and saturated fatty acids than
the whole cohort. This idea was dismissed on the grounds that there was no
association between fat and CHD anyway.

An editoria in the same issue of Journal of the American Medical
Association(67), assessestheimplicationsof Gillmanand colleagues’ findings.
However it misses the point by getting bogged down in alengthy discussion
of therole of blood cholesteral. Thisisirrelevant because the Gillman paper
shows (Table 2.2) that blood cholesterol hardly differed across the whole
rangeof fat intakesfrom 26-51% of energy. Theeditoria statesthat Gillman's
results tend to support advocates of the Mediterranean style of diet (whichis
low insaturated fatty acids) and doesnot suggest that current dietary guidelines
(reduce saturated fatty acids) areinappropriate. Thisisamisrepresentation of
the paper’s findings. Taken at face value, Gillman's results suggest that low
intakes of saturated fatty acids are associated with an increased risk of stroke.
The editorial is a clear example of the wishful thinking engaged in by those
who are convinced that dietary fat intake is a major contributor to
cardiovascular disease of all typesand find difficulty in extricating themsel ves
from this way of thinking.

The Gillman paper does not add anything to our understanding of the
causes of stroke but it does underline the futility of aiming to prevent
cardiovascular disease by general advice to change dietary fat consumption.
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In their closing sentences, the authors acknowledge this and urge that other
measures for the prevention of stroke be emphasized. Ironically, they
fail to mention that the control of diabetes and hypertension by diet
are equally controversial.

Is the lipid hypothesis well founded?

It will be clear from the preceding sections that my conclusion is
that the lipid hypothesis is not well founded and the main reasons
are summarized in Table 2.3.

Table 2.3. Deficienciesin the “lipid hypothesis'.

* There is insufficient correspondence in vascular pathology between
(a) animals and man; (b) general atherosclerosis and lesions seen in
familial hypercholesterolaemia.

* International epidemiology is flawed by confounding factors and
selection biases.

 Within countries, epidemiology gives little support for arelationship
between dietary fat and coronary heart disease (CHD). Fat intake does
not explain total CHD, regional, sex or social class differences.

* Trends in CHD mortality are not coincident with changes in the
amount and type of fat eaten.

* The hypothesis cannot explain the greater risk in women compared
with men, enhanced risk in women post-menopause or consistent
recent fallsin mortality in women compared with more erratic changes
in men in many countries. There have been no corresponding fallsin
CHD incidence.

*» Plasmatotal cholesterol is aweak predictor of CHD compared with
haemostatic factors. Less than 50% of CHD risk is accounted for by
known ‘risk factors'.

* Extrapolations from drug trialsin high-risk individuals to the general
population are unwarranted.

« Intervention trialshave not demonstrated amajor impact of dietary fat

modification on CHD and none on total mortality. Only the most
stringent diets achieve useful plasma cholesterol reductions.
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Dietary fat and cardiovascular disease: are current
guidelines justified?

Although published in 1994, the last report of the UK Department of
Health’ sCardiovascular Review Group of the Committee on Medical Aspects
of Food Policy (COMA) remainsthe basisfor public health policy (3). Having
argued the case that causal links between dietary fats and CVD are at best
tenuous and at worst spurious, it seems appropriate to end this review with a
detailed examination of the COMA recommendations.

Background to the COMA report

In preceding sections | have examined the scientific evidence for and
against amagjor role for dietary fatty acids in the development as well as the
treatment of coronary heart disease (CHD). The words ‘major’ and ‘ dietary’
are important. Nobody doubts that the metabolism of lipids in the body is
intimately involved in the various processes contributing to the disease and it
would be rash to conclude that dietary lipids have no part to play at all.
My principal conclusionswerethat careful analysis of available evidence did
not support the view that dietary saturated fatty acids caused the disease
(as many have argued), or that making changes in the general population’s
fatty acid intakes would significantly alter the incidence of the disease or
mortality from this cause.

The UK Department of Health has a standing Committee on Medical
Aspects of Food Policy (COMA) that is charged with keeping abreast of
researchinfood and nutrition that may haveimplicationsfor health. It appoints
panels to investigate and report on specific topics. The Panel on Diet and
Cardiovascular Disease first reported in 1974, again in 1984 (68) and most
recently in November 1994 (3). On this occasion its report came soon after
another COMA panel’ s report on Dietary Reference Vaues on which | have
commented (2). Furthermore the latest COMA report on Nutritional Aspects
of Cardiovascular Disease (3) was intended to inform the work of the
Nutrition Task Force that is overseeing the dietary aspects of the
Department of Health’ sinitiative known as‘ The Health of the Nation’ (now
superseded by *Our Healthier Nation’).

Thereport will certainly be of national importanceinthe UK andislikely
also to influence thinking internationally. It is, therefore, crucia that the
conclusions are well based scientifically. Here | shall argue that many of the
report’s conclusion are not soundly based.
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Comparison of the 1984 and 1994 Reports

TheCardiovascular Review Group’ s(CRG) brief wasto review what had
been recommended by the 1984 report and to advise COMA on any changes
considered necessary in the light of new knowledge. When the 1984 (68) and
1994 (3) recommendations are put side by side it can be seen that there are
remarkably few changes (Table 2.4.).

The recommended cut in SFA is more draconian (so much so that it will
bevirtually impossibleto achievein practice). Regarding PUFA, thereisnow
an emphasis on the distinction between n—-3 and n—6 that was not there before
and a recognition that n—3 intakes should be increased. Probably the most
important differenceisthat aceiling of 10% of energy wasset on PUFA intake.
Thereasonsfor thishaveto beteased out but mainly seemto beduetowaorries,
albeit cautiously expressed, about potential oxidation problems.
Apart from these changes in emphasis concerning PUFA, the lack of change
in most recommendationsimpliesthat little new knowledge has cometo light
in the intervening 10 years.

Although the scope of the Report covered diet in general, the CRG clearly
came to the conclusion that dietary fat was of overriding importance since no
lessthan 7 out of the 10 nutrient recommendations are concerned with dietary

Table 2.4. COMA nutrient recommendations 10 year s apart.

Nutrient 1984 1994

Total fat (%E) 31-35 35

SFA (%E) 15 10

MUFA (%E) Norecommendations  No recommendations

n-6 PUFA (%E) 3.5-6.8 No more than 10%E

n-3 PUFA (%E) - 0.2 g/day

Trans Incl. with SFA No more than 2%E

Cholesterol Norecommendations  Not to rise

Complex CHO Compensate for Compensate for
reduced fat reduced fat

Simplesugars Not to rise No recommendations

Salt Reduce < 6 g/day

Potassium Norecommendations  Increaseto 3.5 g/day

%E = as percentage of energy; SFA = saturated fatty acids;
MUFA = monounsaturated fatty acids ; PUFA = polyunsaturated fatty acids;
CHO carbohydrates.
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fat and athird of the section devoted to ‘Diet and Risk’ is directly concerned
with lipids. It should also be noted that although the brief was to consider
cardiovascular disease (CVD), consideration was given almost entirely to
CHD rather than to stroke.

Selectivity and inaccuracy in the citations

A legitimate criticism of the 1984 report was that it contained few
references, so that the reader could not assess what evidence had been
considered. The CRG obviously agreed because it has now cited
414 publications compared with 24 in 1984. Nevertheless a perceptive reader
soon realizes that quantity does not imply quality. Too many citations are to
reviews, unpublished work and flimsy abstracts.

Many publications have been cited inaccurately. An exampleof thesin of
not reading the original paper properly comes in the section on trans fatty
acids. The main thrust of the CRG’s argument here is that there is now
sufficient evidenceto concludethat transfatty acids consumption contributes
toCVDrrisk. It citesacase-control study (69) asproviding evidence of adirect
contribution. Had the CRG’s members read the paper properly, they would
have seen that the relative risk did not increase in a dose-response manner
acrossthewholerangeof intakes. Indeed, from theresults presented, onecould
almost make acasefor a* protective effect’ of moderate intakes of transfatty
acids! The statement in the Report of the resultsin this paper was taken word
for word from the authors' abstract, suggesting the possibility that the CRG
had read no further than the abstract.

The least satisfactory aspect of the Report is its selection of published
material to support the casebeing made. Central tothe CRG'’ scaseisthat ahigh
concentration of blood cholesterol, more particularly L DL -cholesterol, causes
atherosclerosis and, by implication, CVD. Thisideais certainly widely held.
Isit true? The Report does not in fact cite any evidence that L DL-cholesterol
causes atherosclerosis. The Group certainly avoidsciting several publications
that demonstrated that thereislittleor norel ationship between bl ood chol esterol
and degree of atherosclerosis (e.g. 70).

There is also a similar lack of association between plasma cholesterol
concentration and CVD mortality as demonstrated by the WHO MONICA
study taking values from about 40 countries around theworld (71). The CRG,
however, relies mainly on the highly selective Seven Countries Study(13).

The CRG is perpetuating along tradition of citation bias. Throughout the
published literature there are publications that appear to support the lipid
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hypothesis and those that do not. Examination of the Science Citation Index
reveals that ‘supportive’ trials are overwhelmingly more frequently cited
than ‘non-supportive’ ones (10).

Relying on such selective material, the CRG isableto make the sweeping
statement, not borne out by any scientific evidence cited by it, or availableto
me, that diet isamajor cause of CVD and a principal means by which it can
be prevented. The following discusses how the CRG justified its stance.

The influence of practical dietary change on blood
cholesterol level

To play acentra role in prevention, dietary factors must be proven to
prevent CVD. No study published to date has proved that changing diet
prevents CVD and no amount of ‘meta-analysis (in which the CRG puts
enormous faith) can provide this proof where individual studies did not, nor
can they make up for the gross deficiencies of individual studies. If we focus
on the SFA-blood cholesterol-CVD links, which is the main plank of the
CRG’s arguments, the analysis of Ramsay et al.(52) clearly reveals that
lowering blood cholesterol by dietary modifications proposed by the CRG is
rarely aseffectiveasclaimed. Itisinteresting that the CRG doesnot contest the
conclusion of Ramsay et al. Itsactual responseis. “ Thisstrongly suggeststhat
theactual diet wasnot the sameasthat prescribed over the period of thestudy” .

In other words it is saying that all the relevant intervention studies that
employed diets that are potentially achievable by most people were
fundamentally flawed in that the subjects in the experimental groups did not
eat the diet that the authors reported they ate in the publication. Thisis either
aterrible indictment of dietary studies, reflecting badly on authors, journal
editors and the science of nutrition or an example of aprofessional committee
withapreconceived view that acertain typeof diet will lower blood cholesterol
by a specified amount and when it finds that the scientific evidence does not
bear this out, choosing to ignore the evidence. In fact, afew studies cited by
Ramsay et al.(52) did provide convincing evidencethat participants had eaten
the dietsthey were allocated but in many othersit was not at all apparent that
thiswasthe case. If the CRG were correct that the participantsin thesetrials,
given every encouragement by armies of dieticians, doctors and research
workers to follow the prescribed regimen, did not actually achieve what was
expected, how much lesslikely isit that the general population of the UK can
be prevailed upon to do what it is advised?
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The CRG says that the studies cited by Ramsay et al.(which were
designed to changedietary behaviour in such away asto reduce CV D) contrast
with “the strong evidence for the effects of diet on plasma cholesterol and of
reduction of plasmacholesterol on CHD risk”. What isthis* strong evidence” ?
Regarding effects of dietary fat modification on plasmalipids, the appropriate
sections are 6.2.2 and 6.2.3, citing 30-year-old work (references 209-211 in
the report) with patients in institutions, many of whom were schizophrenics
and unlikely to have been representative of the general population, especially
in terms of activity levels.

Thereisan enormousrangeof plasmacholesterol responsestodietary fats
between individuals. Thus while the average response of agroup of peopleto
adiet rich in saturated fatty acidsisarisein blood cholesterol, thisis mainly
dueto exaggerated responses of afew individuals: about athird of subjectscan
be expected to experience a fal in cholesterol (72). If the responses of
individual s—whichareunknown and unpredictable— to dietary components,
that are recommended as being guaranteed to lower blood chol esterol, can be
the opposite of what is assumed, what is the rationale or indeed the morality
of recommending such changes to everyone?

Reducing CHD risk as a result of changing diet and/or
blood cholesterol

The CRG quotes several pieces of evidence (from both epidemiological
and experimental studies) to support itscasethat dietary fat modification of the
type it recommends will directly improve CVD mortality and morbidity.

Much is made, for example, of migrant studies which are cited as
demonstrating that genetic predisposition is not amajor determinant of CVD
death rate and that environmental factors, of which diet is the main focus of
attention, are paramount. Study of the cited publications reveals that little
detailed dietary information was available. Moreover, citations are again
selective. A study of a Pacific island community showed that when the
inhabitants (who have a fat consumption of 50% of energy intake and SFA
consumption of 48% energy, mostly from coconut oil) migrated to New
Zealand, their SFA intake decreased and their blood cholesterol
increased (40). Evidence from migration studies cannot be used to
make a conclusive case for SFA—CVD links when selective or inappropriate
citations have been used.

Many studies, not cited by the CRG, failed to confirm that fat intakes of
menwho experiencedaCV D event weresignificantly different fromthosefree
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of the disease. Secular trends in fat consumption do not give firm scientific
evidencethat changesin CV D mortality areinany way related and indeed, tend
to argue against a relationship (see earlier section).

It is noteworthy that when one examines many of the CRG’ s own tables
and figures, they do not appear to support the case being made. For example,
in one table the % distribution of total blood cholesterol in English men and
women in 1986-87 is compared with that in 1991. Therewere mainly upward
trends in both sexes yet CHD deaths have been falling. Thisis not consistent
withacausal rolefor blood cholesterol. Inthisand several other tables, therisk
factor profiles simply do not match up with the disease profiles. Examining
these figures and tables, an intelligent reader with little background to the
diet—CVD issue, reading this report and knowing the UK’s CHD mortality
ranking would hardly be able to understand the rationale for advising the
Report’ s food recommendations.

The *evidence' discussed above comes from observational studies. The
only real way to test an hypothesisis by experiment. If it were easy to reduce
CVD incidence or mortality by dietary fat modification, then this should have
been picked up by the many intervention trials that have been conducted,
costing agreat deal of taxpayers money. Most failed dismally and it has been
common to attribute this to lack of statistical power in individual studies,
necessitating recourse to meta-analysisin which studies are pooled. The CRG
rely heavily on this approach. Another interpretation (10) is that the
overall result of no less than 26 controlled cholesterol-lowering trials
demonstrates little overall benefit.

Interestingly, astudy published after the COM A report cameout, reported
that substantial lipid-lowering by drugs had absolutely no effect on arterial
disease (measured by angiography) in people with diagnosed CV D but blood
cholesterol in the normal range (73). Since these represent most of the
population in whom CVD occurs, it seems unlikely that the dietary
recommendations in the Report could have any impact whatsoever.

Much concern has been expressed about the apparent excess of total
deaths in the treated groups in many trials. The CRG dismiss this concern
lightly, arguing that such deaths occurred mainly in men who did not take the
treatment or who had psychiatric illness already. Little weight is given to
opposing arguments (74).
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Epilogue: The politicization of science

Before reading the report of the UK Department of Health's COMA
Committee ‘Nutritional Aspects of Cardiovascular Disease’ (3), | had
begun to doubt whether anyone seriously believed that saturated
fatty acids cause heart disease but the reader is left in no doubt that this
was the committee’s conclusion. This seems to me to be a flagrant
misinterpretation of scientific information.

Fromanutritionist’ sviewpoint, therecan beno doubt that eatingtoo much
of any dietary component — and fat isagood example — isnot conducive to
good health. My message is not that dietary fat modification may not be
beneficial for some individuals (not least because of potential improvements
inenergy balance), but thisisquiteadifferent matter from claiming that afatty
diet is the reason why so many people in industrialized countries die from a
heart attack. The fact that over 50% of CHD is unexplained by any of the
frequently described environmental factors, | et alonefat consumption, andthat
mortality and morbidity have not followed similar patterns in relation to fat
consumption, should make scientists sceptical of such over-generalizations. It
should also lead them to probe more deeply into alternative mechanisms to
explain the upsurge and decline of CHD in this century.

Aslongagoas1951, Page(75) wrote: “1 haveno doubt that wearegrossly
oversimplifying the problem of both the etiology and treatment of
arteriosclerosis. Lest we do more harm than good, let usrefrain from drawing
hasty conclusions’. Despite the vast increase in knowledgein the intervening
41 years, this advice still holds good.

It is time for the lipid hypothesis to be discarded and replaced by
something better so that research in this field can move forward.

Unfortunately thisis unlikely to happen quickly. Too many reputations
are at stake and the demands of good sciencetoo often clash with the pressures
of public health policy. Thosewho began their careersas careful scientists, all
too frequently enter the public health arenawith akind of evangelistic zeal that
then obscurestheir former scientificjudgement. Readerswho may feel that this
writer’ sownjudgement isunder strainmay liketoread The (political) science
of salt’ by Taubes(76). Thispenetrating articlerevealsmany uncanny parallels
between the dietary fat/heart disease story and the equally controversial
concept that excessive salt intake underlies the problem of hypertension and
that salt reduction provides an easy solution. The article begins with a
quotation from Thomas Huxley and | can do no better than to conclude with
it: “ Science . . warns me to be careful how | adopt a view which jumps with
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my preconceptions and to require stronger evidence for such a belief than for
onetowhich | was previously hostile. My businessisto teach my aspirations
to conform themselves to fact, not to try and make facts harmonize with my
aspirations’ (Thomas Huxley, 1860).

A few years ago | visited a friend whom | had not seen for some time.
Hehad recently moved and | had never been to hisnew house, which was deep
inthe country in astreet called ‘Dark Lane’. When | arrived it was dark and |
wastired. | turned the car into Dark Lane and before long realized that | was
in deep trouble: the lane had become little wider than the car and | needed to
extricate myself, which was only done with difficulty and a certain amount of
humiliation. The car and my temper were seriously damaged.

Reading the COMA report on diet and cardiovascular disease, and many
likeit, causesmeto concludethat many scientistsdealingwith thissubject have
gone deep into their own ‘Dark Lane from which it is difficult, if not
impossible, to retreat. Reputations have been built on the diet—heart concept;
enormous amounts of our money have been spent on shoring up a dubious
hypothesis. That iswhy each report that isproduced | ooks pretty much likethe
last and why protagonists can say complacently that numerous learned
committees around the world have come to the same conclusion. Of course
they have: they al start from where the last | eft off and they cannot afford to
do other than support the party line. This latest offering from the UK
Department of Health' s COMA Commiitteeislittle different from therest. Its
obsession with dietary fat and certain foods rich in saturated fatty acids may
result in garbled messages to the public which may have the effect of
discouraging rather than encouraging sensible eating. If a central policy
involves getting peopleto changetheir diets so that they may suffer lessCHD,
then such advice had better be based on good scientific evidence and it should
be known that such advice will work.
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Chapter 3

Nutritional Significance of Lipid
Peroxidation

Lipid peroxidation isinitiated when a hydrogen atomis removed froma
lipid molecule to generate a lipid radical. Interaction with oxygen generates
peroxy and hydroperoxy radicals that are capable of maintaining a chain
reaction until termination occurs by interaction with other radicals, for
example antioxidants. When such processes occur in food lipids, theresultis
rancidity and deterioration in product quality. Nutritive valueis reduced (by
removal of essential fatty acidsand antioxidant nutrients) and some oxidation
products may betoxic. Lipid peroxidation occursin a controlled manner asa
natural part of several metabolic pathways, the most important being in the
conver sion of polyunsatur ated fatty acidsinto prostaglandinsand | eukotrienes
as described in Chapter 4. However, when the structural integrity of cells
breaks down, for example as the result of an injury, lipids can suffer
peroxidative damage from attack by reactive oxygen species that are formed
during oxidative metabolism in the body.

Lipid peroxides can cause damage to macromolecules such as proteins
and nucleic acids unlessrestrained by the body’ s normal antioxidant defence
system. This consists of small antioxidant molecules, many of which are
present in foods and some of which are essential nutrients; enzymes that
destroy reactive oxygen species; and enzymes that repair damage after it has
occurred. Long-established methods for estimating peroxide and conjugated
dieneintermediatesand carbonyl and other end productsof lipid peroxidation
are unreliable and non-specific. Current trends are to couple separation
methods such as high-performance liquid chromatography with specific
identification techniques such as mass spectrometry. Methods for estimating
secondary damage to proteins and DNA are also being devel oped.

Thereis evidence that reactive oxygen species may cause tissue damage
intheliving body when anti oxi dant defenceisnot functioning properlyandthis
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chapter highlights current research into the links between radical attack and
several chronic diseases. These include atherosclerosis, thrombosis, cancer,
respiratory disease, arthritis, cataract and diabetes. The ageing process may
be in part a result of continual damage inflicted upon cellular proteins and
nucleic acids.

Background

The effects of lipid oxidation are well known to consumers who have
smelled or tasted rancid food and to manufacturers whose products have
becomeunsal eabl e. Thesamephenomenonisput togood useinthemanufacture
of paints and varnishes. The most susceptible lipids are the polyunsaturated
fatty acidsand because of their importancein nutrition, nutritionistshavelong
been concerned with the potential adverse effects of lipid oxidation in foods.
Traditionally such adverse effects have been examined in terms of the
reduction in nutritive value and potentia toxicity of the oxidized food
components. More recently, interest has turned to the possibility that those
samelipidsthat can be oxidized in foods, can aso undergo oxidative changes
in the body itself, with subsequent damage to surrounding tissues.

Thistopicisof particular significance because dietary guidelines as part
of preventative measures against cardiovascular disease or other hedth
problemsare now common in many devel oped countries. Dietary fat isalmost
invariably brought into sharp focus in these guidelines and the benefits of
exchanging unsaturated for saturated fatty acids are usually emphasized.
However, because of the susceptibility of unsaturated fatty acidsto oxidation
under certain conditions, the potential dangersof oxidized lipidsto healthhave
frequently been debated by scientists and naturally, such debates have been
highlighted in the press. Thusin 1989 a headline proclaimed (1): “ Scientists
do an about-turn on polyunsaturates’.

This chapter will briefly describe nutritional and toxicological effects of
oxidation of food lipids and outline current concepts of the association
between lipid oxidation in the body and long-term health.

Lipid peroxidation

The process of lipid peroxidation is initiated when a hydrogen atom is
removed from amethylene group in the hydrocarbon chain of alipid molecule
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Generation of an initiator radical
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Figure 3.1. Mechanisms of lipid peroxidation.
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(Figure 3.1). Thechemical speciesformedinthisreactionisvery reactiveand
isknown asa(free) radical. Important initiators are ‘ singlet oxygen' (formed
from ground-state oxygen by sensitizers such as chlorophylls, bilirubin,
porphyrins and haem compoundsin the presence of light) or hydroxyl radicals
(generated from superoxide anions by catalysis with ferric ions). These
substances are common in foods and in biological tissues.

Next the process of propagation givesrise to rearrangements of the lipid
moleculesinvolving double bond migration and further reaction with oxygen
toform peroxy and hydroperoxy radicals. Oncethe process has beeninitiated,
it can continue by a chain reaction of propagation steps.

The chains can be terminated in several ways. Two lipid radicals can
combine to form a dimer, and eventualy polymeric products, or peroxy
radicals can undergo cyclization followed by decomposition of the cyclic
peroxides into malondialdehyde and other low molecular weight carbonyl
compounds, oxyacidsand hydrocarbons. Termination can also be achieved by
the presence of ‘ chain-breaking antioxidants' which arethemsel ves capabl e of
forming radicals that unite with lipid radicals and so terminate the oxidative
reaction. The most important natural antioxidant is «-tocopherol (vitamin E)
but several synthetic antioxidants (e.g. butylated hydroxytoluene, BHT) are
used in the food industry.

Althoughemphasisisusually placed ontheperoxidationof polyunsaturated
fatty acidsbecause of the easewith which they undergofree-radical formation,
it has been realized for some time that cholesterol, generally regarded as
chemically rather inert, can autoxidize in the presence of oxygen. Even
‘analytical grade’ cholesterol containssmall quantitiesof oxygenated products
but the cholesterol in dehydrated foods such aspowdered eggsand dried whole
milk is highly susceptible to autoxidation when stored in air. Thirty or more
productshave been detected. Much of thefood weeat i s processed in someway
and any food containing unsaturated lipidsislikely to undergo someoxidation.
The nature of the resulting products depends on the degree of exposureto air,
the temperature achieved, the time of heating, the composition of the fat and
the presence of components(e.g. antioxidants) withwhichradicalscaninteract
to terminate chain reactions.

Lipid peroxidation also occurs in living tissues, the intermediate steps
being catalysed by specific enzymes, thereby generating a variety of flavour
and aroma compounds in foods of both animal and plant origin.
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Significance of oxidation of lipids in foods

Nutritional effects

Because the most susceptible oils are those rich in polyunsaturated fatty
acids, one nutritional effect of oxidation is to reduce the essentia fatty acid
content of edible fats. The overall nutritional significance, however, islikely
to be minimal since losses are usually small in relation to the total content of
polyunsaturated fatty acids supplied by these susceptible oils. More seriousis
the loss of the so-called *antioxidant nutrients’, vitamin E, various carotenes
and vitamin C, in cooked foods. As well as reducing the protective
effect of these substances in the food itself, the overall dietary antioxidant
intake will be reduced (2).

Nutritional effectsmay also occur through interaction of radicalsor other
food lipid oxidation products with other important nutrients, mainly proteins
and vitamins. Lipid radicals can interact with several amino acids in protein
moleculesto induce theformation of carbon-centred protein radicals. Theend
products of such reactions may be polymers formed by protein cross-links.
Damage to amino acid residues can also occur by protein scission, the most
sensitive components being histidine, cysteine/cystine, methionine, lysine,
tyrosineandtryptophan. Activated oxygen species(e.g. superoxideand singlet
oxygen) which are generated during the catalytic decomposition of lipid
hydroperoxides, are al so capable of reacting with these sensitive amino acids,
particularly at sulphydryl and amide groupings, thereby reducing the nutritive
value of the proteins. Secondary products of lipid peroxidation (e.g. the
aldehydes, epoxides and ketones) can also react with amino acids. Lysineis
particularly susceptible to degradation by reaction with aldehydes. Aswell as
reducing the nutritive value of the proteins, these reactions can lead to the
production of brown colouration and unpleasant odours and tastes.

Other nutrientsparticularly vulnerableto attack by peroxidation products
are the vitamins that act as antioxidants (E, C, and the carotenes). These are
destroyed by the process of radical scavenging and this effectively increases
the requirement for these nutrients in the diet. Those that ha ve sensitive
sulphydryl or amide groups will undergo reactions similar to those described
for amino acidsthusreducing their potency asvitamins. For example, thefolic
acid content of foods is reduced in the presence of lipid hydroperoxides and
thefolicacid statusof animalsfed such dietsissignificantly reduced. Folicacid
is particularly important in protection against anaemiain pregnant women.
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Possible toxic effects

In addition to these nutritional effects, possible toxic effects al'so haveto
be considered. Reactive species like radicals and peroxides are potentialy
damagingto cellsbut asdietary componentsthey areunlikely to betoxic unless
they are absorbed and incorporated into body tissues. Studiesin animalswith
radiolabelled peroxides suggest that little if any lipid peroxide is absorbed
intact and, therefore, cannot enter tissues and cause oxidative damage. Y et
other research has demonstrated effects of feeding lipid peroxides to animals
that might be interpreted as toxicity. These included increases in relative
weight of the liver, increases in malonaldehyde, peroxide and carbonyl
concentrations in tissues and tissue chemiluminescence and decreases in the
tissue alpha-tocopherol and linoleic acid concentrations. Supplementing the
diet with a-tocopherol can protect against these changes.

I lipid hydroperoxidesarenot absorbed, how arethesechangesmediated?
Theanswer seemsto bethat |ower mol ecul ar weight productsof hydroperoxide
decomposition, such as hydroperoxy akenals, are absorbed and are more
damaging than the long-chain hydroperoxides. There is, however, some
evidence of gut damage caused by feeding rats linoleate hydroperoxides,
leading to impairment of nutrient absorption and greater tumour incidence.

Researchisneeded to ascertainwhether significant amountsof intact lipid
peroxides, hydroperoxides, or hydroxyalkenal sareabsorbed by humanbeings.
Preliminary evidence suggeststhat thismay be so. Thereislittle evidencethat
thedimeric and polymeric material sproduced by prolonged cooking of oilsare
absorbed or are toxic.

Thetoxicity of oxidized cholesterol s has been demonstrated by including
them in the diets of rabbits. The frequency of finding dead aortic smooth
muscle cells was much increased and the authors of one paper (cited in
reference 2) suggested that studies of the induction of atherosclerosis by
cholesterol that had been storedinair at roomtemperatureshould bere-eval uated
since the cholesterol used in experimental diets almost certainly contained
significant quantities of oxidized sterols that could contain the atherogenic
factor(s) rather than pure cholesterol itself.

In summary, products of lipid peroxidation in foods can cause damageto
tissuesif those tissues are not protected by sufficient antioxidant. In practice,
the most vulnerable sites of damage are in the gut, since only the smaller
molecular weight products of lipid peroxidation are absorbed into the blood
and have access to body tissues. Even then, damage is minimal if sufficient
antioxidant is also absorbed and probably one of the prime dangersfrom lipid
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oxidation in foods is not so much the oxidation products themselves as the
concomitant destruction of protective substances such as tocopherols,
carotenoids, ascorbic acid and folates. While every precaution should always
be taken to avoid lipid peroxidation, it should be bornein mind that food fats
arelikely to becomeinedible, because of the development of off-flavours and
aromas as well as deterioration in appearance, long before concentrations of
lipid oxidation products have reached toxic levels (2).

Lipid peroxidation and the body’s defence against it

Oxygenisessential tolife, but itsusein biology poses certain problems.
During oxygen metabolism, forms of the element and its compounds are
produced (Figure 3.2) that are much more reactive than O, (triplet or ground-
state oxygen). With the exception of singlet oxygen and hydrogen peroxide,
thesearenormally radi calsand haveoneor moreunpaired electrons(T able 3.1).
Collectively they aretermed reactiveoxygen species’ (ROS). Recent research
also indicates that several species that contain nitrogen (‘ reactive nitrogen
species’) also contribute to processes (see below) in which ROS areinvolved.

Infective I
organisms

( Food ] [ Oxygen ] [ Radiation ]

Drugs,
poliutants

nflammation I
Smoking I

"OXIDATIVE
PROCESSES

Excreted
end-products

Tissue Synthesis of
damage "local” hormones

Figure 3.2. Production of reactive oxygen species (ROS) in the body.
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Table 3.1. Principal reactive oxygen species (ROS)
produced in the body.

Non-radicals: hydrogen peroxide H.O,
singlet oxygen 'O,

Radicals: superoxide o,
hydroxy! OH'
lipid peroxyl ROO
lipid alkoxyl RO

ROSareproducedinthebody indiversemetabolic pathways(Figure 3.1).
Theseinclude the normal oxidative metabolism of absorbed food components
in the mitochondria and peroxisomes, and the metabolism of drugs and
contaminants in the endoplasmic reticular membranes of cells by oxidase
enzymesinvolving cytochrome P,. . Bacterial killing by macrophagesisalso
reliant on the production of ROS. Cigarette smoke, abnormal oxygenation and

radiation also contribute to the ROS flux.

The enzymic conversion of polyunsaturated fatty acids into eicosanoids
and leukotrienes (3) involvesradical mechanismsthat generate lipid peroxide
intermediates. Lipid peroxidation is initiated when a radical abstracts a
hydrogen atom (which itself is afree radical) from the hydrocarbon chain of
afatty acid, or thering system of steroidsto producealipidradical (Figure3.1).
Many ROS can initiate lipid peroxidation but it is thought that the most
important initiating species in the human body are the highly reactive OH
(hydroxyl) radical and singlet oxygen (4). Hydroxyl radicals are formed by
irradiation of water or by the scission of hydrogen peroxide (whichisaproduct
of several metabolic pathways) catalysed by iron or copper ions (Figure 3.1).
Singlet oxygen is formed when certain photosensitizing compounds absorb
light in the presence of oxygen. Such compounds include the
naturally occurring porphyrins, bilirubin and riboflavin, as well as some
dyes and drugs. Singlet oxygen may also be formed when two lipid
peroxyl radicals interact with each other.

Any fatty acid or steroid can be the target for peroxidation but the
methylene-interrupted double bond sequences of polyunsaturated fatty acids
(PUFA) are particularly sensitive because of the reactivity of the methylene
groups. Once a lipid radica has been formed it undergoes molecular
rearrangement to form acis-transconjugated diene system followed by attack
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of the carbon-centred radical by oxygen to produce a lipid peroxyl radical.
The latter may then abstract a hydrogen atom from an adjacent lipid chain to
produce another lipid radical, itself being converted into a hydroperoxide.
Additionally, singlet oxygen, generated by theinteraction of two lipid peroxyl
radicals can also initiate the production of further lipid radicals. Thus the
propagation of apotentially endless supply of lipid radicals can continue until
the chain reaction isterminated by destruction of the radical by one of several
forms of antioxidant defence.

Antioxidant defence against damage by lipid peroxides

Metabolic reactionsthat involvelipid radical intermediates, such asthose
of the cyclooxygenase and lipoxygenase reactions (3) occur within the
confines of an organized biological membrane. Membrane-bound enzymes
ensure that reactive and potentially damaging intermediates are rapidly and
locally metabolizedintoharmlessend-products. Antioxidants, like-tocopheral,
built into the structure of the membrane help to maintain the integrity of the
membrane and protect the PUFA against peroxidation.

Once a tissue has been damaged, by whatever cause, and membranes
have been disrupted, several factors contribute to uncontrolled
lipid peroxidation. These are:

* separation of the unsaturated chains from the vicinity of the antioxidant;
* release of catalystsof radical formation, especially iron and copper ions; and

« release of hydrolytic and oxidative enzymes that may otherwise not have
come into contact with lipid substrates.

Lipid peroxides, unless quickly destroyed, have the potential to cause
damage to the genetic material of the cell, DNA, and to many important
proteins, giving riseto disease states aswill be described later. Three types of
biological defence systems have evolved to limit inappropriate exposure to
ROS. These are summarized in Table 3.2 and briefly described here.

» Primary (sometimes called ‘preventive’) antioxidants inactivate radicals
beforethey have achanceto initiate peroxidation chains. They may be small
molecules like vitamin A, but are often complex enzyme systems, like
catalase, that decomposes hydrogen peroxide, or superoxide dismutase,
which destroys superoxide radical s, thought to be the most abundant ROSin
the body. The requirement of the antioxidant defence enzyme
glutathione peroxidase for selenium explains the role of this element
as an antioxidant nutrient.
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Table 3.2. Types of antioxidant defence.

Primary ‘Preventive Catalase (Fe)
Superoxide dismutase (Cu/Mn)
Glutathione peroxidase (Se)
Transition metal binding proteins
Vitamin A
Riboflavin

Secondary ‘Chain-breaking’ Vitamin E
Vitamin C
Carotenoids
Riboflavin

Tertiary ‘Repair systems’ Enzymes for repair of protein and
DNA damage with Mg, Zn,
folate, vitamin B, , as cofactors

» Secondary (sometimes called ‘ chain-breaking’) antioxidants trap radicals
that are formed in an oxidation chain onceit has started. These may be small
molecules that are themselves able to form radicals, combining with chain
propagating radical sto terminate the chain. Many are essential nutrients: the
so-called antioxidant nutrients, ascorbic acid (vitamin C), tocopherols
(vitamin E) and the carotenoids.

« Tertiary defence systems are those devoted to the repair of damage already
caused to proteinsand DNA. Many enzymesinvolvedinrepair processesare
dependent for their activity on essential nutrients including zinc, folates
and cobalamin (vitamin B_,).

Antioxidants often have multiple roles in the defence system. Thus,
glutathione peroxidase hasaprimary roleinthe conversion of H,O, into water
but can aso act in a chain-breaking manner in concert with vitamin E in
detoxifying organic peroxyl radicals. Riboflavin plays a role in secondary
defence as a cofactor for the enzyme glutathione reductase, required for the
regeneration of glutathione and a primary rolein maintaining tissue integrity.
Vitamin C can remove newly formed ROS in the aqueous phase aswell asits
more widely recognized role in acting synergistically with lipid-soluble
vitamin E in regenerating the active form.
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A principal aspect of primary defenceisin the sequestration of transition
metal ions by various binding proteins, in which form they are incapable of
catalysing the conversion of H,O, and superoxide into OH-".

Whereas amost all attention has been directed towards the well-known
antioxidant nutrients, vitamins E and C and B-carotene, it is becoming
increasingly apparent that foods contain a multiplicity of compounds (not
necessarily nutrients) withantioxidant activities. Theseincludeother carotenoids
such as lycopene, other tocols such as the tocotrienols, flavonoids and many
phenolic compounds (e.g. gallic acid and catechins).

The concept of oxidant stress

As detailed above, ROS are produced in the body continually as part of
normal metabolism and a complex and generally efficient defence system
exists to protect against their potentially damaging effects.

However, the body may become vulnerable to damage from ROS under
certain conditions, as when:

« the defence system is inadequate, either because intakes of antioxidant
nutrients are low, or malnutrition or disease has resulted in an inability to
synthesize the enzymes needed to destroy ROS or repair existing damage;

* exposureto oxygen is particularly large—this may occur in the reperfusion
of cardiac muscleafter aninfarct or in premature babieswho need ventilation
with extra oxygen yet whose lungs are too immature to cope with the stress;

* exposure to other pro-oxidants is particularly large, for example, in the
condition of iron overload; or

* tissuesareinjured, physically or during infectious diseases or inflammatory
reactions. This leads to disruption of cellular organization, and
release of enzymes, pro-oxidants and the generation of abnormal
concentrations of ROS.

The concept of oxidant stress and its role in the progression of many
diseases is assuming great importance in medical and nutritiona research.
If further progressisto be made, the appropriate methods for measuring ROS
in the living body and for identifying antioxidant activitiesin foods and their
relative effectiveness in the body need to be improved. The next section will
review the current state of the art in antioxidant methodol ogy.
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Methods for assessing antioxidant stress

Briefly, theradical theory of disease statesthat, inthe absence of adequate
antioxidant protection, reactive oxygen species (ROS) cause damage to key
biological molecules — proteins and DNA — resulting in disruption of
cellular structure and metabolic control and eventually |eading to pathol ogical
change. ROS may cause these changes directly or, more usually, by initiating
peroxidation of polyunsaturated fatty acidsinbiological membranesor plasma
lipoproteins. The evidence for pathological changes resulting from lipid
peroxidation will be considered in alater section. The question hereishow do
we demonstrate that lipid peroxidation is taking place in the living body and
how do we quantify it?

Systems for study

The main focus of interest is human disease. Because of difficultiesin
studying human tissue directly, numerous studies have been conducted with
small laboratory animals. Thus, rats and mice have been given diets depleted
in antioxidant vitamins (for example vitamins E and C) and/or given diets
containing severely peroxidized lipids (2). Another model for oxidative stress
is the prematurely born guinea pig. These animals are used to simulate the
condition of premature babies whose need for ventilation and additional
oxygen can lead to injury to the lungs and subsequent chronic lung disease.
Theseanimal model sareessential if measurementsareto bemade of oxidation
ininaccessible tissues such asliver, heart, lung and brain. In man, thereisthe
opportunity to study samples of diseased tissue taken at surgery. However,
information obtained is limited to a particular disease and problems of
interpretation arise asto whether such changesare causal or whether they arise
as aresult of the disease.

More recently, there has been a strong move towards measurements in
tissues of healthy human subjects but these are currently limited to blood
components. isolated plasma lipoproteins and white blood cells. Biopsy
samplesof adi poseti ssueand muscleareal sofeasibleand another devel opment
isthe study of isolated colonic cells voided in the faeces. There has also been
considerabl e devel opment of cultured human cell lines derived from different
tissues.

What to measure?

It is clear from Figure 3.1 that lipid peroxidation proceeds in several
well-defined stages. There are opportunities for measuring products of lipid
peroxidation at each stage as indicators of the degree of peroxidation. Thus,
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intermediate products such aslipid peroxides, hydroperoxides, hydroxyacids
and conjugated dienes have al been measured in human plasma and tissue
samples by physical and chemical methods.

Anexamplewasastudy by Abbey et al. (5) who asked the questions: how
does dietary fat composition affect the ‘ oxidizability’ of human low-density
lipoprotein (LDL) and what degree of variability isobserved between subjects
and between analytical determinationson the same plasmasample? They, like
many other research workers, chose to measure the production of conjugated
dienes as their indicator of peroxidation because they are simple to measure
spectrophotometrically as a consequence of their characteristic absorptionin
the ultraviolet (UV) spectrum. The experimental system consisted of freshly
isolated LDL incubated with cupric ions to catalyse peroxidation. Diene
formation wasfollowed spectrophotometrically at 234 nm. It proceedsinthree
distinct stages: alag phase of approximately 40 minutesinwhich nodienesare
formed. Thisequateswiththeutilization of endogenousreservesof antioxidant.
Recording the lag phase, therefore, tells us something about the antioxidant
status of thetissue. When these reserves are depl eted, dieneformation israpid
and occurs at a roughly linear rate for about 20 minutes before reaching a
plateau when formation is balanced by decomposition.

The authors first established that the coefficient of variation of their
determinations was about 6%, most of which was accounted for by
methodol ogical error rather thanintra-individua variability. The' oxidizability’
of LDL measured either asthe rate of conjugated diene formation or the total
amount of conjugated dieneformed, increased in aroughly linear fashion with
the concentration of linoleic acid in the LDL, which was in turn afunction of
the linoleic acid content of the diet.

Interpretation of methods involving the measurement of concentrations,
or rates of formation, of intermediate products of lipid peroxidation requires
care. Because these products are undergoing rapid turnover, determination of
their concentration at asinglearbitrary time may giveadistorted picture of the
degree of oxidation; clearly continuous measurement over aperiod of time, as
inthe experiment of Abbey et al. (5) isan advantage. Even so, measurements,
suchasUYV absorption, chemiluminescenceor total peroxideor carbonyl value
are non-specific and may include compounds that have little to do with the
process of lipid oxidation. Halliwell (6) regarded many of the techniques as
unreliable for human tissues and urged the development of methods that
identify specific structures originating from peroxidation of lipids. Thus,
separation methods such as high-performanceliquid chromatography (HPL C)
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or gas chromatography (GC) in combination with mass spectroscopy will be
methods of choice in the future.

Similar reservations apply to measurement of end-products of lipid
peroxidation. Probably the most widely used test of the extent of lipid
peroxidation is the colorimetric determination of mal ondialdehyde and other
carbonyl compounds by reaction with thiobarbituric acid. This test, while
simple and rapid, has long been recognized as non-specific and unreliable. It
measures a range of substances that react with thiobarbituric acid, some of
which may have arisen by pathways unconnected with lipid peroxidation.
Coupling the assay with an HPL C separation can avoid many of the artifacts
associated with the classical thiobarbituric acid test. More recently, a number
of compounds (i soprostanoi ds) resembling prostaglandins have been detected
in human urineand plasma (7). Sincethey appear to have originated fromlipid
peroxidation in vivo, they have been used as markers of this process. A major
problem with all such methods is that they assume that what is measured is
representative of overall lipid peroxidation in the body. However, certain end
products may arise only from certain types of precursors (for example,
specifically from n—3 polyunsaturated fatty acidsrather than unsaturated fatty
acidsin general) or from constituents of the diet and so cannot be regarded as
proxies for the general process of lipid peroxidation in vivo.

Mass spectrometry requires considerable time and skill for sample
hydrolysis, derivatization, analysisand interpretation. It isessential, however,
that simpler routine methods befirst validated against more rigorous methods.

Lipid peroxidation in the body is asimportant for the secondary damage
that can be inflicted upon proteins and DNA as for the lipid modifications
themselves. Variousassaysfor protein modification involving whole proteins
(for examplereaction of protein carbonyl groupswith dintrophenylhydrazine)
or modified amino acids(8) have been devel oped. Likethelipid methods, they
are being improved by development of specific separation and detection
methods. Assessment of ‘physiological damage’ to specific proteins is yet
another approach. For example, the increase in opacity of the lens of
the eye in cataract is thought to be due largely to damage to lens crystallin
initiated by radicals.

Radical damageto DNA is potentially very seriousin that it can modify
the genome, with the risk of inducing cancerous growth. Assays for various
end-products of DNA damage (for example 8-hydroxydeoxyguanosine,
8-hydroxyguanosine and 8-hydroxyguanine) in urineand plasmaare now well
established. Again, identification of specific structures is important (9).
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An aternative method for assessing DNA damage has become popular.
The'‘comet assay’ reliesonthefact that DNA damage often resultsin breakage
of DNA strands and the uncoiling of parts of the molecules. When the sample
is subjected to gel electrophoresis, the uncoiled parts are pulled towards the
anode. Analysis of the resulting comet-shaped el ectrophoretic band can give
a semi-quantitative estimate of DNA damage. Quantitation is now being
improved by treatment of the damaged DNA with specific enzymes and
identification of the pattern of hydrolysis products.

Antioxidant Status

The foregoing has been concerned with the methodol ogy for assessment
of chemical changesin biological tissues resulting from free radical damage.
Radical reactions are taking place continuously as a result of oxidative
metabolism and a certain level of oxidation products can be regarded as
normal. A level of oxidation products equated with ‘damage’ will arise when
protectiveantioxidant concentrationsfall bel ow acertainthreshold. Knowledge
of therequiredlocal concentrationsof antioxidantsor of therelativeimportance
of the different natural antioxidants or antioxidant systemsin specific tissues,
cells or membranes is rudimentary. There is, however, much evidence that
antioxidant nutrients act synergistically, acombination offering more efficient
protection than the sum of the parts. Water-soluble ascorbic acid may act to
regenerate the reduced form of lipid soluble vitamin E.

It isimportant, therefore, to be able to measure normal concentrations of
antioxidant nutrientsin biological tissuesaswell aschangesin concentrations
that may be predictive of increased risk of the occurrence of oxidative damage.
HPLC is now generally the method of choice for determining the principal
compounds: the tocopherols, carotenoids and ascorbate. A major problem is
that, while it is relatively simple to monitor plasma concentrations of these
compounds, the relevance of such measurements to antioxidant status in
individua tissues is questionable. Another important question concerns the
range of antioxidants that should be measured. In addition to those listed
above, should other substances with known antioxidant properties —
glutathione, uric acid, the tocotrienols and minor carotenoids — also be
measured? M easurement of the activitiesof antioxidant enzymes, for example,
superoxide dismutase, glutathione peroxidase and catalase, as well as the
adequacy of supply of nutrient cofactors such as Zn, Cu and Se is aso
recommended. One research group has adopted the approach of measuring
‘total antioxidant activity’ as distinct from concentrations of individual
compounds. The method measures spectrophotometrically the ability of
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antioxidant substances to scavenge 2,2'-azinobis(3-ethyl-benzothiazoline-6-
sulphonate) (ABTS™) radicals. It has the potential advantage that it should
be able to distinguish between additive and synergistic effects. The method
has been patented (10).

Because of the difficulties in assessing antioxidant status of human
tissues, the measurement of anti oxidant content and activity of foodsand diets
will undoubtedly continueto beimportant. However, littleor nothingisknown
about the bioavailability of antioxidant nutrients, i.e. how much of what is
consumed in the diet actually finds its way to sitesin the body in whichitis
needed. Progress towards this objective is being made by the use of
deuterium-labelled tocopherols to assess the absorption and metabolism of
vitamin E in man (11). Further developments with this and other antioxidant
nutrients, using deuterated and **C-1abelled compounds can be expected inthe
future providing much needed background information for understanding the
role of dietary antioxidants in protection against free radical damage.

Research into links between diet, oxidant stress
and disease

In general there arethree main waysin which we may pick up cluesabout
how dietary components may be associated with disease: epidemiological
(observational) studies; experiments with animals and dietary intervention
studies with human subjects. Frequently, epidemiological observations may
providestatistical associationsthat generate hypotheseswhich can betested by
experiment. However, the converse may apply when animal experiments or
clinical observations suggest links which can be further tested by setting up a
controlled epidemiological study — usually with a case-control or a
prospective design. Concepts of how radicals areinvolved in chronic disease
have developed by interactions between these three methods as will
beillustrated below.

Biological targets for attack by reactive oxygen species and
their associated diseases

There may be many sites of attack by ROS in the body. Which ones are
particularly vulnerable will depend on local factorsthat may result ininjury at
a specific site, or on the integrity of the antioxidant defence at that site.
Probably the most intensively studied systems have been arterial damage in
relation to atherosclerosis and epithelial cellsin relation to cancer (12).
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Arterial wall damage: atherosclerosis

In atherosclerotic plagues, a characteristic finding is a large number of
cells (caled ‘foam cells' from their appearance) engorged with droplets of
lipid, mainly cholesteryl esters. Foam cellsoriginatefrom macrophageswhose
main task isto engulf anything that can beregarded asa‘foreign body’. It has
long been recognized that LDL are the main sources of the cholesteryl esters
of foam cells. Normally LDL enterscellsby first interacting with receptorson
the cell surface, whereupon receptor and LDL particleare suckedinto thecell.
It came as a surprise to cell biologists to find, however, that macrophagesin
culture were not very adept at taking up ‘ pure’ (‘native’) LDL and thisturned
out to be because they did not have normal LDL-receptors on their surfaces.
Instead they have scavenger receptors and it was soon |learned that, while not
recognizing native LDL, these scavenger receptors recognized LDL that had
been modified in some way. One of the first biological clues that lipid
peroxidation might be involved in atherosclerosis was the finding that
peroxidized LDL (in which the apoprotein moiety is modified by
interaction with peroxidation products) were avidly taken up by macrophages
via the scavenger receptor to become the foam cells characteristic
of the atherosclerotic plague (12).

Whereas the oxidation of LDL and uptake of modified particles by
macrophages can be routinely demonstrated in vitro, evidence for the
involvement of this sequence of events in human atherosclerosis is indirect.
Oxidation of LDL invitro isdelayed by anumber of antioxidants, principally
vitamin E, and such antioxidantsal soinhibit thedevel opment of * fatty streaks
(thought to be the forerunners of atherosclerotic plagues) in the arteries of
experimental animals. Oxidized lipids, and indeed modified LDL, are found
in human atherosclerotic plagues and antibodies to modified LDL have been
detected in human plasma. A prospective epidemiological study in Finland
found that the concentration of autoantibodies against oxidized LDL was an
independent predictor of the rate of progression of atherosclerosis in the
carotid artery. High concentrations of pentane, which is one of the end
productsof lipid peroxidation, have been detected in the breath of patientswith
acute myocardial infarction.

Other indirect epidemiol ogical evidencecomesfrom studiesof anti oxidant
vitamins. Gey and his colleagues (13) found a highly significant inverse
correlation between CHD mortality in 16 European communities and plasma
concentration of vitamin E. Inacase-control study in Edinburgh, patientswith
angina were found to have significantly lower plasma concentrations of
vitamin E than healthy controls. In epidemiological studies involving over
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120 000 people in the USA, high intakes of vitamin E (from supplements)
were associated with significantly reduced risk of CHD.

Currentresearchisfocusingonthesearchfor evidencethat L DL oxidation
and the uptake of modified LDL into atherosclerotic plagues occur in
the human body and on the causes and mechanisms of the initiation
of the peroxidation.

Platelets: thrombosis

Compared with research into the role of lipid peroxidation in
atherosclerosis, little work has been done to examine its role, if any, in the
thrombotic phaseof cardiovascul ar disease. Theeventsleadingtotheformation
of athrombus are exceedingly complex but the aggregation of blood platelets
plays acontributory role. Platelet aggregation is stimul ated by thromboxanes
derivedfromarachidonicacidviathecyclo-oxygenasepathway (seeChapter 4).

There are several reportsthat the antioxidant nutrients, vitamins C and E,
inhibit platel et aggregationin vitro, that animal sdepl eted of vitamin E produce
less thromboxane from arachidonic acid and that production is restored by
vitamin E repletion (14). Platel et aggregation can be enhanced in the presence
of LDL and this effect is amplified if the LDL are oxidized. Research is
now looking in a more systematic way at the effects of antioxidant
nutrients on platelet aggregation of human subjects in vivo and exploring
the mechanisms involved.

Epithelial cells: cancer

Theview that cancerousgrowth may ariseafter apermanent changeinthe
structure of DNA (mutation) is now gaining wide acceptance. DNA damage
can becaused by ROSand evidencefor thiscan befoundinincreased excretion
of variousdegradation products, for exampl e 8-hydroxyguanosine (15). There
isalso someevidencethat ROS can act in an alternative way by modifying the
expression of genes involved in the regulation of cell differentiation and
growth. Normally, inagivencell, most of the DNA isnot expressed; therefore,
most mutations have little or no effect on cell function. Moreover, in addition
to protection against ROS afforded by primary and secondary antioxidants, the
body iswell supplied with enzymes designed to repair DNA. However, it has
been discovered that people with a reduced ability to effect DNA repair are
more susceptible to cancer. Among the best studied cancers in which
diet is thought to play a role is colon cancer. Human studies are feasible
since it is possible to isolate fully functioning colonic cells that have
been voided in faeces.
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The lungs: chronic lung disease

Newborn infants are particularly susceptible to oxidative stress because
birth represents a rather abrupt exposure to an oxygen-rich environment.
Prematureinfants are especially vulnerabl e since they often need to be treated
with a high oxygen tension to compensate for breathing difficulties due to
poorly functioning lungs. To add to the problems, premature infants are
frequently found to be deficient in vitamin E and other antioxidants. The
resulting oxidative stress gives rise to the condition of chronic lung disease.
Current research aims to unravel the mechanisms by which this
condition arises by studying premature guinea pigs which seem to represent
good models for human infants (16).

Joint fluid and connective tissue: arthritis and systemic
lupus erythematosus

Damageto lipidsand proteins arising from ROS attack has been detected
inthejoint fluid of patientswitharthriti sandincreased numbersof chromosome
breaksarefoundin patientswith systemiclupuserythematosus, aninflammatory
autoimmune disease characterized by aterations in cellular and humoral
immunity. It has been proposed that increased concentrations of ROS seenin
theserumandlymphocytesof thesepatientsmay inactivateso-called ' suppressor
T cells’ which normally damp down unwanted immunereactionsto thebody’ s
own proteins. Lymphocytes from patients seem to be more susceptible to
damage by ROS than those of healthy people. Serum concentrations of
antioxidant nutrients are low in systemic lupus erythematosus patients and in
thejoint fluids of arthritic patients. These observations provide circumstantial
evidencefor arole for ROS in these autoimmune inflammatory diseases (12)
and therapeutic trials have been proposed to test the efficacy of increased
consumption of antioxidant nutrients on the course of the diseases.

Lens proteins: cataract

A feature of cataract isthe aggregation of lens proteinssuch ascrystallin,
leading to light scattering and opacity. Experimentally, cataract can be
produced by oxidants such as hydrogen peroxide. The antioxidant glutathione
playsacrucial rolein protecting against cataract by preventing the formation
of sulphide bridges between protein molecul es, maintaining membrane thiol
groups in areduced state, and reducing concentrations of potential oxidants
such ashydrogen peroxide (17). A characteristicfeatureof devel oping cataract
is a reduction in lens glutathione concentrations. Taken together, these
findingssuggest arolefor ROSin cataract devel opment and possibl etherapeutic
benefits of dietary antioxidants which need to be tested more rigorously.
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Diabetes

Glucosein solution or conjugated to proteins can generate oxidantsin the
presenceof transitionmetal ions. In patientswith diabetesmellitus, ametabolic
disorder involving poor control of glucose metabolism, thereis evidence for
elevated plasma concentrations of lipid peroxidation products and decreased
concentrations of antioxidant nutrients (18). However, atherosclerosis and
increased risk for cardiovascular disease are features of diabetes and it is
therefore difficult to assess whether apparent involvement of oxidative stress
in diabetes is primary or secondary.

Kwashiorkor

Kwashiorkor is one of many diseases of children in which malnutrition
playsamajor role. Itischaracterized by oedema (swelling caused by abnormal
accumulation of water intissues) andfatty liver. Itsoriginsarestill not resolved
but a current theory is that many features result from radical damage (19).
Malnourished children are particularly susceptibleto infection and associated
attack by toxins. Both the toxins themselves and the body’ s defences against
them giverise to an increased flux of ROS. The child’ s antioxidant defences
against ROS areweakened by themal nutrition whichresultsin reducedintakes
of antioxidant nutrientsand reduced endogenouslevel sof antioxidant enzymes.
Moreover, plasma concentrations of transferrin, theiron-carrying protein, are
reduced, resulting in more available freeiron to catalyse lipid peroxidation. It
islikely, however, that the devel opment of kwashiorkor is more complicated
than this and that radical reactions are only asmall part of the story.

Future directions

Long before the current explosion of interest in the role of radical
reactions in normal biology and their relevance to disease, some people had
argued strongly that the process of ageing resulted from decay of cells as a
result of continual attack upontheir nucleic acidsand proteinsby radicals(15).
Many of the diseases discussed above have been described as * diseases of
ageing’ and it is perhaps not surprising that radical mechanisms have been
invoked as contributing to their development. A magjor problem in the future
for thisarea of research will beto decide whether ROS cause the pathological
changes or whether ROS play arole on the sidelines ssmply because they are
the products of tissues that are already dying from some other cause.

To be able to resolve this problem, further advances are necessary,
particularly inthemethodsemployed for assessing radical damageinvivo. The
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method for examining oxidativedamageto polyunsaturated lipidsby measuring
various isoprostanes derived from arachidonic, eicosapentaenoic and
docosahexaenoic acidsiscurrently beingimproved. Another promising lineof
enquiry isto study theultimateend products of fatty acid peroxidation, namely
the hydroxy-fatty acids. The most comprehensive recent review of lipid
peroxidation and its association with chronic disease emphasizes theinsights
tobegained by careful determination of hydroxy-fatty acidsintissuesandtheir
use as markers of damaging peroxidative processes (20).

International collaborative research programmes have been established
to devel op new methods for measuring DNA damage. The study of oxidative
damage to proteins is as yet in its infancy and needs intensive and well
coordinated research.

There is still much to learn about the role of different antioxidants in
foods. Many antioxidants display pro-oxidant activity at high concentrations.
This phenomenon may underlie the puzzling finding in some studies that
supplementsof B-carotenemay actually enhancelung cancer rather thanretard
it, asdescribed by John Stanley in Lipid Technology (21). Thedifferent effects
of some antioxidantswhen given as supplementsof pure synthetic compounds
compared with their apparent effectswhen present in foods need to be defined.
Interactions and synergies between antioxidantsarelikely to beimportant and
although the emphasis has tended to be on * nutrient antioxidants’, the roles of
non-nutrient antioxidants present in many plant foods and plant-derived
beveragesneed clarification. Littleor nothingisknownabout thebioavail ability
of these substances from foods and this needs research effort.
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Chapter 4

The Nutritional and Biological Properties
of the Polyunsaturated Fatty Acids

Polyunsaturated fatty acids (PUFA) perform many vital functions in
biological membranes and as precursors of a variety of lipid regulators of
cellular metabolism. They are classified into two main families designated
‘-6 and ‘n=3'. The parent fatty acid of the n—6 family is linoleic acid
(c9,c12-18:2) and of the n—-3 family, a-linolenic acid (c9,c12,c15-18:3).
Theseprecursor acidsareelaboratedintolonger-chainmorehighly unsaturated
fatty acids by a series of desaturations and elongations. Some functions are
uniqueto either =3 or n—6 PUFA, so that onefamily cannot always substitute
for the other and the members of the n—3 and n—6 families cannot be
interconverted inthehuman body. Furthermore, linoleicand a~linolenicacids
cannot be synthesized in the human body. Therefore, because they perform
vital functions, they need to be consumed in the diet from plant sources. They
are termed the essential fatty acids.

Linoleicacidisabundant in several seed oilsusedinfoods. Oneofitsmost
well-known propertiesisto maintain alow concentration of cholesterol inthe
blood and its contributions to ‘western’ diets has been rising as a result of
advice to lower cholesterol as a means of preventing or managing coronary
heart disease. Linoleic acid is converted first into y-linolenic acid (GLA).
There is some evidence, though inconsistent, for therapeutic benefits of GLA
in diseasesthat have an inflammatory component and in which there appears
to be an impairment of linoleic acid desaturation. Sources of GLA appear to
differ in their therapeutic effectiveness and the reasons need further
investigation. Thelast major member of then—6 familyisarachidonic acid, an
important membrane component and precursor of eicosanoids.
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a~Linolenicacid (ALA) isthemainfatty acid of thechl or oplast membranes
of green plantsbut themain dietary sourcesare certain seed oils(eg. rapeseed
and soybean oil). Recent evidence provideslittle support for the conventional
pathway for the sequential desaturation and elongation of ALA involving
6-, 5- and 4- desaturases, since the existence of a 4-desaturase has not been
demonstrated. An alter native pathway involving a second 6-desaturase and a
retroconversion are now proposed. Confirmation of an independent role for
ALA inthefunctioning of the nervous system, in processes affecting vision and
in some aspects of behaviour is needed. ALA rich diets may improve some
aspects of cardiovascular function but a recently claimed specific role in
protecting against heart attacks was not proven.

In the human diet, the major sources of the long-chain n—3 acids are
usually the oils of fatty fish. They are metabolized in the body to a range of
oxygenated fatty acids called ‘eicosanoids’ which are widely involved in
metabolicregulation. Theyinfluence, among other things, musclecontraction,
hormone secr etion, blood coagul ation and immunefunction. Dietary i ntake of
n-3 PUFA has the potential to change the composition of eicosanoids
produced in the body and thus to affect the physiol ogical functions controlled
by eicosanoids. Thisin turn may have implications for a number of clinical
disorders that are discussed in later sections.

Inclusioninthediet of four or moregramsper day of n—3 polyunsaturated
fatty acidsfoundintheoilsof somefatty fish maintai nslowbloodtriacyl glycerol
concentrations in people with normal levels and significantly reduces their
concentration in people with hypertriglyceridaemia. Unlike the n—6 family of
PUFA, however, thereisno consistent effect of —3PUFAon blood cholesterol.
In some individuals, n—-3 PUFA have even been known to raise blood total
cholesterol. Therearesmall andinconsi stent effectson high-densitylipoprotein
(HDL) cholesterol. The triacylglycerol lowering effect is due entirely to
changesinplasmavery-low-densitylipoprotein (VLDL) concentrationsbrought
about by a reduction in VLDL triacylglycerol biosynthesisin the liver and to
some extent by reduced clearance and catabolism of VLDL.

Polyunsatur ated fatty acids of then—3 family reducethe potential of blood
to clot, thus possibly reducing the risk of thrombosis. However, despite
numerous publications, the relevance of the findings for practical dietary
advice remainsuncertain dueto limitationsin the methodol ogy for measuring
thrombus formation and imprecise knowledge of the level of dietary n-3
polyunsaturates required to be effective.
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Inclusion of long-chain n—3 polyunsatur ated fatty acids characteristic of
many fishoilsinthedietisquickly reflectedin elevated concentrationsof these
fatty acids in plasma and in the membranes of red and white blood cells. The
biochemical effect of an increase in the ratio of n—=3/n—6 PUFA in cell
membranes is to alter the composition of the eicosanoids formed from these
PUFA through the action of the enzymes cyclo-oxygenase and lipoxygenase.
Thestrongly pro-inflammatory ei cosanoi dsfromarachidonicacidarereduced
and replaced by the weakly inflammatory el cosanoids from el cosapentaenoic
and docosahexaenoic acids. This knowledge has formed the basis for dietary
treatmentsfor inflammatory diseases, of which rheumatoid arthritis has been
most actively researched. Controlled dietary trials have demonstrated modest
but potentially beneficial improvementsin the severity of rheumatoid arthritis
and longer-term studies are now needed to establish whether dietary
supplements of -3 PUFA should be standard recommended treatment.

The two families of polyunsaturates compete for common enzymes
involved in their metabolism and their ratio in the diet is therefore crucial to
their compositionintissuesandtheir abilityto performtheir all otted functions.
The evidence is discussed that the ratio of n—6 to n—3 polyunsaturates in the
diets of developed countries is too high and is responsible for increasing
prevalence of various health problems, including some types of cancer,
allergies and behavioural disorders.

During 1991, the UK Department of Health published a report on
recommended intakes of nutrients to maintain good health, which
included values for the essential fatty acids. These recommendations
are presented and discussed.

The chapter ends with a more philosophical discussion about what we
mean by ‘essential’ in regard to lipids. An essential nutrient is one that is
required by, but cannot be synthesized by, the body and istherefore needed in
the diet. An essential metaboliteis a substance that isvital for life and can be
synthesizedinthebody. Sometimes, essential metabolitescannot besynthesised
in sufficient quantity to meet current demands and may be needed in the diet.
In these circumstances they are ‘conditionally essential’ nutrients.
As highlighted here, there is ongoing debate in lipid nutrition about the
conditional essentiality of long-chain polyunsaturates derived from
metabolism of linoleic and a-linolenic acids. Can the same can be true of
saturated fatty acids and cholesterol?
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Polyunsaturated and essential fatty acids —
the distinction

Fatty acidswith morethan one double bond inthemoleculeare classified
as' polyunsaturated’ , whether the disposition of thedoublebondsisconjugated
or ‘methylene interrupted’ or whether their geometry is cis or trans.
Naturally-occurring polyunsaturated fatty acidsin higher plantsand mammals
normally have a methylene interrupted sequence of double bonds, with
between 2 and 6 double bonds (1). These acids play important roles in the
structureof cell membranes, wherethey contributetotheproperty of ‘ membrane
fluidity’. They also act as precursors of oxygenated fatty acids (* eicosanoids')
which exert powerful local biological activities at very low concentrations.
Thesepropertiesareexplainedinmoredetail inalater section. Polyunsaturated
fatty acidsalso influence the metabolism of lipoproteinsthat carry lipidsinthe
blood, thereby regulating the levels and types of blood lipoproteins.
This aspect is touched on briefly later but is discussed in detail in Chapter 1.
Recently, roles for polyunsaturated fatty acids in the regulation of gene
transcription have also been recognized.

Many tissues of mammals are able to convert saturated into
monounsaturated fatty acids through the action of a desaturase that produces
acis-9-monoene. Further desaturations are possible on the carboxy! side of the
9-double bond but during the course of evolution the ability to desaturate on
the methyl side of the 9-double bond has been lost by animals, including man.
Only plantsareabl etoinsert doublebondsat positions 12 and 15. Neverthel ess,
polyunsaturated fatty acids with these double bond positions are essential to
lifeand must be providedinthediet. These arethe essential fatty acids (EFA).
It is now recognized that there are two essential fatty acids, linoleic
(cis,cis-9,12-18:2) and «-linolenic (all-cis-9,12,15-18:3). These are the
parent acids of two distinct families of polyunsaturated fatty acids
formed from linoleic (LA, n—6 family) and a-linolenic (ALA, n—=3 family)
acids by a series of alternate desaturations and elongations. A third family
(n-9) has oleic acid (9-cis-18:1) asits parent (Figure 4.1).

It has been assumed that longer-chain polyunsaturated fatty acids
(LCPUFA) derived from the precursor acids by elongation and desaturation
can be formed easily in the human body (see final section on requirements).

In this chapter, | will describe the properties of both precursor acids and
a so thelong-chain derivatives formed from them by desaturation/elongation.
| will closethechapter by considering the appropriate dietary balance between
then—6 and n—3 familiesand consider the most recent recommendationsfor the
amounts required in the diet.
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Family n-9 n-6 n-3
Parent 9-18:1 (0A)  9,12-18:2 (LA) 9,12,15-18:3 (ALA)
6-Desaturase l l l

6,9-18:2 6,9,12-18:3 (GLA) 6,9,12,15-18:4
Elongation l l |

8,11-20:2 8,11,14-20:3 (DGLA) 8,11,14,17-20:4
! ¢ I~ |

5-Desaturase ! PG1 i LT3 |
| ! |

5,8,11-20:3 5,8,11,14-20:4(AA) 5,8,11,14,17-20:5 (EPA)

' ~ I'e Y

PG2 LT4 PG3 LTS

Figure 4.1. Pathways of metabolism in PUFA families.

Linoleic and a-linolenic acids as precursors of the n—6
and n-3 families of polyunsaturates

Linoleic acid

Fatty acids of the n—6 family are characterized by having the last double
bond (measured from the carboxy! group) six carbon atoms from the methyl
end of the chain. They were originally named “omega-6' fatty acids and,
althoughthisnaming systemisstill widely used, thel UB-IUPA C nomenclature
prefersn—6. Linoleic acid, the parent or precursor fatty acid of the n—6 family,
isregarded asthe primary essential fatty acid. The major sources are seed oils
such as sunflower, corn and soybean. Deficiency in the diet is rare but when
it does occur, themain early signs are skin lesions with associated ‘| eakiness
of the skin to water. Linoleic acid deficiency was recorded when infants were
given formulas free of linoleic acid (1,2) and in adults who had undergone
major bowel surgery resulting in failure to absorb fat (3). No more than about
1% of dietary energy aslinoleic acid needsto be consumed to avoid deficiency
signs (see final section on dietary requirements).
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The main interest in linoleic acid has been because of to its capacity to
reduce the concentration of cholesteral intheblood, mainly inthelow-density
lipoprotein (LDL) fraction (see Chapter 1). Increased dietary intakes have
been recommended since at least the 1970s for lowering blood cholesterol as
a preventive measure against coronary heart disease (see Chapter 2). As a
result intakes have been steadily rising to such a degree that public health
bodies are now suggesting upper limits for intake (see later section on
recommendations and a so the last section on n—3/n—6 balance).

The requirement to prevent skin lesionsis specific to linoleic acid itself.
However, linoleic acid is also important as a precursor for longer-chain
polyunsaturated fatty acids derived from it by alternate desaturations and
elongations, as depicted in Figure 4.1. The separate roles of the longer-chain
derivatives are described in alater section.

a-Linolenic acid

Structure and occurrence

The n—3 PUFA (sometimes termed “omega-3') are characterized by the
location of adouble bond three carbon atoms from the methyl end of the fatty
acid carbon chain. All fatty acids of nutritional and physiological significance
inthisfamily have cisdoublebondsin the methylene-interrupted sequence(1).

The parent, and simplest, member of the n—3 family is a-linolenic acid,
all-cis-9,12,15-octadecatrienoic acid («-18:3). It issynthesized only in higher
plants, algaeand phytopl ankton. Because of theenormousmassof green plants
both on land and in the oceans, and since «-18:3 contributes over half thefatty
acids of the lipids of chloroplast membranes, it is probably the predominant
fatty acid on the planet. In plants, it is present amost exclusively as a
constituent of galactosyldiacylglycerols.

Pathways of metabolism

In Figure 4.1, the elongation and desaturation of ALA to EPA is shown.
However, in some tissues, the major end-product is docosahexaenoic acid
(DHA). It wasalwaysassumed that the conversion of EPA into DHA involved
a 4-desaturase. In fact, there is little evidence for the independent existence
of a 4-desaturase: it has been invoked ssimply because its existence would
conveniently explain the known n—3 metabolites found in membrane
phospholipids. If the supposed precursor of DHA, namely 22:5n-3 labelled
with ¥C at carbon 1 is incubated with a rat liver microsomal fraction, no
detectablequantitiesof radiolabelled 22:6n-3 areproduced. Theseobservations
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led Sprecher and his colleagues at Ohio State University (4) to consider an
aternative pathway, in which there are two sequential chain elongations after
the 5-desaturation, followed by afurther 6-desaturation to produce 24:6n-3.
Retroconversion of this metabolite then results in the formation of DHA,
22:6n-3, asillustrated in Figure 4.2. Retroconversion is a chain shortening
reaction, the reverse of elongation, and is catalysed by enzymes anal ogous to
those of 3-oxidation, either in the mitochondriaor the peroxisomes of thecell.
Sprecher’ sgroup provided evidence for this pathway by incubating arat liver
microsomal fraction with [1-%4C]22:5, which was converted into [3-14C]24:5
and [3-C]24:6. Similarly, they showed that [3-*C]-labelled 24:6 was
retroconverted into 22:6.

9,12,15-18:3  (ALA)

6-desaturation |
6,9,12,15-18:4
elongation + C2 l

8,11,14,17-20:4

5-desaturation |
5,8,11,14,17-20:5  (EPA)

elongation + C2 l
elongation + C2

7,10,13,16,19-22.5 ™ 9,12,15,18,21-24:5
(4-desaturation) T 6-desaturation |

4,7,10,13,16,19-22.6 — * 6,9,12,15,18,21-24:6

(DHA) retroconversion — C2

Conventional pathway Alternative pathway

Figure 4.2. Alternative pathways for conversion of «-linolenic acid (ALA) into
docosahexaenoic acid (DHA). Thereislittle evidence for the independent
existence of a4-desaturase (see text). EPA = eicosapentaenoic acid.
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Itisnot knownwhether thispathway occursinhumantissues. It seemsthat
although ALA can be converted into eicosapentaenoic acid (EPA) and DHA
inhumantissuesin vivo (citedin 4), theconversionisrel atively slow compared
with the reaction in rat tissues, so that extrapolation from rat experiments to
conclusions about human EFA metabolism should be done with caution.

A puzzling aspect of ALA metabolism isthat thisfatty acid appearsto be
morerapidly degraded by [3-oxidation than many other fatty acids (5). In view
of its supposed essentiality (see below), this is either very wasteful, or the
process of oxidation isin some way important metabolically or nutritionally.
Possibleexpl anationsdiscussed by Cunnane (5) (breakdown may benecessary
to ‘detoxify’ excessALA, or to provide materialsfor synthesis of cholesterol
and other lipids) remain unconvincing and more investigation is required.

Essential fatty acid activity of ALA

When the essential fatty acids were discovered over 60 years ago,
attention was concentrated on LA and its metabolitesin the n—6 family. When
LA was given a potency of 100, y-linolenic (GLA) had a potency of 115 and
ALA only 9 (6). It might be thought that the presence of the‘ essential’ double
bond in position 12 in ALA would give the compound full EFA activity but
perhapsthe possession of the additional bondin position 15 givesriseto steric
hindrance that does not allow the activity to be expressed.

In awell-designed study, L eat (7) asked theimportant questions: (i) does
ALA have any function that cannot befulfilled by LA?and (ii) doesLA have
any functionthat cannot befulfilled by ALA?Hegaveratsor guineapigsdiets
that were either completely EFA-deficient or in which an EFA-deficient diet
had been supplemented with either LA or ALA. In the rat, there were two
functions of LA that could not be replaced by ALA. The final stage of
reproduction in females — parturition — was prolonged and impaired in
animalsgivenonly ALA, probably because of afailureto produce appropriate
prostaglandins of the 2-series. In males, spermatogenesis could not take place
when thediet contained only ALA. Thisdefect did not occur in male mice and
therefore, once more, the extrapolation of findingsfrom asingle speciesto any
other should not be undertaken lightly.

Leat was unable to find any function for ALA that could not be replaced
either partially or fully by LA. Because of the high content of n—-3 fatty acids
intheretinaof theeye, itwould seemlikely that if therewereaspecificfunction
for ALA, it might befoundintheretinaand affect the process of vision. Many
authors writing on the subject of n—-3 essentiality have argued in this way,
mainly from a theoretical point of view. In Leat’s experiments, it proved
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impossi bleto depl eterat retinasufficiently to test thishypothesisto destruction
but guinea pig retinas could be virtualy depleted of n—3 acids. In those
circumstances, €l ectroretinograms appeared normal. The author did concede,
however, that it remained possible that ALA and its metabolites were playing
amore subtle role in vision that cannot be detected by electroretinography.
However, pre-terminfantsreceiving formul asin which thefat component was
based on corn ail, with a low content of ALA, were found by Uauy and
colleagues (8) to exhibit reduced el ectroretinogram responses compared with
thosereceiving formul as suppl emented with soybean oil or given human milk.
Once again, we must be careful when comparing species and thereis a clear
need for moreinformation onthespecific ALA requirementsof human beings,
especialy infants. | referred in reference 1 to circumstantial evidence for the
essentiality of ALA in adults but more research is needed before we can be
quite confident that it is correct to deem ALA to be absolutely ‘essential’.

The main defect in Leat’s ALA-depleted guinea pigs was the lack of a
startlereflex and further studies on possible behavioural changesdueto ALA
deficiency would be well worthwhile.

Effects of ALA on coronary heart disease risk factors

Relatively few studies have examined theblood lipid lowering properties
of ALA, compared with those that have documented the effects of LA in seed
oilsor EPA and DHA infish oils. Thisis mainly because there are few edible
oilsthat arerichin ALA. Somestudiesindicatethat dietsenrichedin ALA can
lower blood lipids in human subjects with hyperlipidaemia, mainly affecting
the triacylglycerol fraction (5).

Other studies have found that ALA inhibits human platel et aggregation,
reduces blood pressure in hypertensive patients and that low intakes may be
associated with poor glucosetol erance. Highintakeswere al so associated with
a suppression of various components of the immune system (5). In none of
these phenomenawasit certain that the effect was specific for ALA itself and
all need further investigation.

Recently, much publicity was given to the finding by a French research
teamthat adiet enrichedin AL A dramatically reduced further heart attacksand
deaths in patients who had aready suffered one heart attack (9). ALA was
provided to the *treated group’ in the form of margarine made with rapeseed
oil and the useof thisoil wasal so encouraged in cooking andin the preparation
of salads and other foods. The results were certainly impressive in that 16
cardiac deaths and 17 non-fatal heart attacks occurred in the control group
compared withonly 3 cardiac deathsand 5 non-fatal heart attacksin thetreated
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group. Improvements were apparent so quickly in the treated group
that the trial was stopped after 27 months instead of running for the
5 years originally planned.

What isless certain isthe cause of the decreasein coronary heart disease.
It isimpossible to attribute thisimprovement, as the authors wished to imply,
specifically to ALA since, as aresult of poor study design, several nutrient
changes occurred in the treated group. Whereas the change in ALA was the
largest proportional change to occur (athree-fold difference), it represented
only adifference of 0.54% of energy dueto ALA, or 1 g per day. The change
in LA wasabout 4 g per day or 1.7% of energy. Moreover, these changeswere
assessed by acombination of 24 hour recall of the diet by the patients, assisted
by adietician, and afood frequency questionnaire, neither of which would be
able to discriminate a 1 g change in a single nutrient. There were also
differencesbetweengroupsintheir consumptionof energy, total fat, cholesterol,
vitamin C and vitamin E. There was no indication, either, that other
aspects of lifestyle, that might have affected predisposition to heart attacks,
were adequately controlled.

It is interesting that the authors ‘hedged their bets' by describing their
treatment diet asan“ALA-richMediterraneandiet”, implying that if it wasnot
the ALA that wasresponsible for the dramatic change, then it was perhapsthe
merefact of consuming adiet that ‘ everyone recognizesashealthy’. Although
there is no scientific definition of a Mediterranean diet, it has become
fashionable among health educators to use this term as if it encapsulated
everything that was good in nutrition. While this publication may have
demonstrated an undoubtedly dramatic clinical benefit, it has not shown
that this was in any way due to nutrition, far less to a specific nutrient,
ALA. Unfortunately, it reveals the unscientific nature of much
current clinical nutrition research.

Long-chain polyunsaturated fatty acids of the n—6
family: y-linolenic and arachidonic acids

What is y-linolenic acid?

y-Linolenicacid hasenteredthefolkloreashaving healthgiving properties
and it is an opportune timeto look at the supporting evidence. The substance
was discovered and named in 1919 by two German chemists as a
component of evening primrose oil. y-Linolenic acid is the trivial name for
all-cis-6,9,12-octadecatrienoic acid, a triunsaturated fatty acid of the n—6
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family. Since even vy-linolenic is a mouthful, it has now become common
practice to use the abbreviation GLA. The positions of its double bonds
distinguish it from its isomer, a-linolenic acid, which is all-cis-9,12,15-
octadecatrienoic acid, the first member or parent fatty acid of the n—3 family.

Metabolism of GLA

Each ‘family’ of unsaturated fatty acidsisbuilt up by aseriesof aternate
desaturation and elongation reactions starting with the parent fatty acid.
The parent n—6 fatty acid is linoleic acid (cis,cis-9,12-octadecadienoic acid;
C,c-9,12-18:2,LA). Asillustratedin Figure 4.1, thefirst stepin themetabolism
of LA isthe introduction of a double bond between carbon atoms 6 and 7,
catalysed by theenzyme6-desaturase. Theproduct of thisdesaturationisGLA.
The next reaction, a chain elongation, produces the 20-carbon dihomo-vy-
linolenic acid (DGLA or sometimes DHLA; c,c,c-8,11,14-20:3) and this, in
turn is a substrate for the 5-desaturase whose product is arachidonic acid
(c,c,c,c-5,8,11,14-20:4, AA). Although further elongation and desaturation
are possible, AA is the main product of the n—6 family and is the principal
n—6 polyunsaturated fatty acid in most mammalian cell membranes. GLA, by
contrast, ismerely anintermediatein the sequence and does not accumulatein
mammalian cells. Rather larger quantities of DGLA may be found.
Concentrationsin human blood platel et phospholipidsof GLA and DGLA are
around 0.1% and 2% respectively; these may rise to 0.3% and 4% after
consumption of adiet richin GLA (10).

WhileLA istheprincipal n—6 polyunsaturated fatty acidin most plant cell
membranesandinmany seedail triacylglycerols, somepl ant speciesaccumul ate
significant amounts of GLA in their seed oils as discussed later.

Themainimportanceof the n—6 pathway isto provideapool of membrane
DGLA and AA sufficient continually to maintain a supply of eicosanoids
required in metabolic regulation. We can deduce theimportance of AA supply
from the fact that membrane concentrations of AA are maintained in the face
of relatively severedietary LA restriction and only depl eted after along period
of LA deficiency. However, much of what we know about unsaturated fatty
acid metabolism comes from studies of laboratory animals, particularly rats.
There are large species differences in 6-desaturase activity and it is now
generally accepted that the 6-desaturase has|ow activity in human tissues and
is probably the rate-limiting step in the whole sequence from linoleic acid to
AA. Furthermore, GLA, the product of the 6-desaturase in the n—6 pathway,
itself inhibits the desaturation step (11).
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Theratelimitation of the 6-desaturasein the n—6 pathway isimportantin
understanding theclaimsfor health benefitsof GLA discussedlater. It hasbeen
demonstrated bothinexperimentswith cell fractionsin vitroand by radioactive
tracer studiesinlivingrats(11). Thestudiesinvitroshowedthat the6-desaturase
step was the slowest in the pathway, while those in vivo showed that labelled
GLA was much more extensively converted into DGLA and AA than LA,
much of which remained as unmetabolized precursor. There is some indirect
evidencethat peoplewith low concentrations of DGLA in adiposetissue have
intrinsically low 6-desaturase activity. 6-Desaturase activity decreases with
age and is also depressed by the so-caled ‘stress hormones’, adrenain
and cortisol, by alcohol, by fatty acids of the n-3 family and in the
condition of diabetes mellitus.

Essential fatty acid activity

After the discovery of the essential fatty acidsin 1929 (1), much energy
was devoted to assessing the relative EFA activity of different fatty acids. In
the 1960s, bioassays based on water permeability of skin, showed that GLA
had higher EFA potency thanitsprecursor, LA. A commonly used biochemical
index of EFA deficiency hasbeen the so called triene/tetraene ratio. When the
dietary supply of linoleicacidislimited, ol eic acid becomestheprimesubstrate
for 6-desaturase. The major product of this (n-9) pathway is the trienoic acid
5,8,11-20:3 and its ratio to AA increases in EFA deficiency and decreases
when LA isadded back tothediet. Theratiowasreduced far morerapidly when
GLA was substituted for LA (11).

Hypocholesterolaemic activity

Reportsontheblood chol esterol |owering potency of GLA areinconsistent.
One publication claimed a large cholesterol lowering effect that was
disproportionate to the degree of unsaturation when compared with linoleic
acid, while others have found no differences between the effects of linoleic
acidand GLA. A major problem of interpretationisthat most experimentshave
used natural oilsthat contain unusually large quantities of GLA but they also
contain linoleic acid and many other fatty acidsaswell asfat-solublevitamins
and other minor components. Tocotrienols, for example, havesomechol esterol -
lowering effects. Use of aplacebo control, asdistinct from an oil that does not
contain GLA, also presentsinterpretational difficultiesinview of the complex
nature of the natural GLA-containing oils (12).
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Eicosanoid formation

Eicosanoids (Greek el cosa = 20), so-called becausethey arederived from
C,, bolyunsaturated acidsare oxygenated productsof thecyclo-oxygenaseand
lipoxygenase pathways forming prostaglandins and |eukotrienes respectively
(reference 1 and later section). GLA itself is not a precursor for eicosanoids.
However, its elongation/desaturation products, DGLA and AA, give rise to
series-1 and series-2 prostaglandins, and series-3 and series-4 leukotrienes
respectively (Figure 4.1). These substances, which have potent physiological
effects at extremely low concentrations, are involved in communication
between cells. M ost relevant to thetherapeutic propertiesattributed to GLA are
the cells of the immune system involved in inflammation (see later section).
In brief, the el cosanoids produced from AA have strongly inflammatory and
platelet aggregating properties, whereas those produced from DGLA are
anti-inflammatory. They also dilate blood vessels and prevent
platelet aggregation.

Therapeutic claims

Of primeimportancein understanding the claims made for the beneficial
health properties of GLA and DGLA are (i) the rate limitation of the
6-desaturasewhich, if severe, may form ablock inthe pathway, preventing the
formation of sufficiently large quantities of DGLA and AA further along the
pathway and (i) the propertiesof theeicosanoidsformed fromDGLA and AA.

The literature is replete with claims for the therapeutic benefits of GLA
but disordersfor which its efficacy has been tested in controlled clinical trials
include: atopic dermatitis, rheumatoid arthritis, diabetic neuropathy, multiple
sclerosis, ulcerative colitis, hypertension, premenstrual syndrome,
schizophrenia, hyperactivity and several cancers. In amost al categoriesthe
results have been inconsistent, some finding improvement in the condition,
others none. When this occurs, it is important to examine the design and
interpretation of the studies before drawing final conclusions.

In most studies, GLA has been given in the form of evening primrose oil
(EPO) but somestudi eshaveused borageor blackcurrant oils; their composition
differs and each contains many substances other than GLA. The extent to
which this may have influenced the outcome is discussed in more detail |ater.
A frequent problem with diseases that have astrong inflammatory component
isthat their severity may vary over timeand the symptoms may differ between
individuas. In some trials, the numbers of subjects and the duration of the
study may have been inadequate. The nature of the control group is vital.
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The control group must receive a placebo — a substance that is judged to be
physiologically inactive but whose identity cannot be distinguished from the
active substance by the subject — and this may be an inert oil (e.g. a
mineral oil) or another seed oil that does not contain GLA.

Some trials are conducted by comparing separate control and treated
groupsin parallel. Othershavea' crossover’ design sothat all subjectsreceive
oneregimen followed by theother inrandom order sothat they act astheir own
controls. The two periods are often separated by a‘washout’ period in which
adifferent diet is given containing neither GLA nor placebo. The crossover
design as used specifically in connection with EPO trials has been severely
criticized (13) on the groundsthat subjectswho receive active treatment inthe
first period and who notice improvements will have low expectations for the
next period while subjects who noticed no improvement in the first period
will assume that they were on placebo and will expect an improvement
in the next period. These expectations may introduce bias that will
affect the measured difference.

Thereisclearly aneedfor further work toaccount for theseinconsistencies.
Nevertheless, the balance of evidence seems to suggest some benefits from
GLA supplementation in diseases with an inflammatory component, whichis
probably dueto the stimul ation of prostaglandin E, formationfromDGLA and
the suppression of the corresponding metabolites from AA. A promising
avenue of research which needs further study isin connection with diabetic
neuropathy. Damage to the nervous system is a long term consequence of
diabetes even when blood glucoseiswell controlled. Some research suggests
that impairment of 6-desaturation may be at least partly involved and that a
function of GLA could be to by-pass the slow desaturation of LA to GLA.
Tissue concentrations of LA are normal or slightly higher than normal in
diabetic patients, whereas levels of GLA, DGLA and AA are below normal.
Insulin treatment results in the restoration of the GLA, DGLA and AA
concentrations. Extremely large intakes of LA can reverse the effects of
diabetic neuropathy to some extent, but very much smaller intakesof GLA are
required (14).

Against these proposed benefits must be considered thereported risk (13)
of increased inflammation, thrombosis and immunosuppression due to asiow
accumulation of AA after prolonged use of GLA (morethan oneyear). Inthe
short term, AA does not seem to be elevated by dietsrichin GLA (10) and this
reinforcesthe need to consider long term effects of dietary componentswhich,
although completely ‘natural’ are not normally consumed in more
than minute amounts.

Copyright © 1999, 2009 PJ Barnes & Associates



4. NUTRITIONAL AND BioLocicaL PROPERTIES OF POLYUNSATURATES 133

Sources of GLA and products containing it

The only sources of GLA that are currently readily available are
the seed ails of the evening primrose (EPO)and borage (BO) (Table4.1).
The seed oil of blackcurrant is also available.

Table4.1. Composition of seed oils of evening primrose and bor age.

Fatty acid Evening primrose  Borage
16:0 palmitic 7.6 11.9
18:0 stearic 20 4.0
18:1n-9  oleic 9.7 16.2
18:2n-6  linoleic 69.4 36.2
18:3n—6  y-linolenic 9.2 22.8
18:3n-3  a-linolenic 0.3 0.3
Others 1.8 8.6

Mainly 20:1+22:1+24:1; source: reference (17).

EPO wasthefirst to be devel oped but the much higher concentrations of
GLA in BO encouraged other manufacturers to market preparations based
mainly on BO. Oneprominent manufacturer of apreparation based on EPO has
suggested inits publicity material that BO preparations are less effective than
EPO products and may even be harmful. A reason advanced for the greater
effectiveness is that GLA is present almost entirely as molecular species of
triacylglycerol in which one GLA is combined with two LA molecules:
dilinoleoyl-mono-vy-linolenoyl-glycerol (DLMG) (15). Thereputed potential ly
harmful effects of BO seem to be based on asingle paper that found increased
platelet aggregation and increased formation of thromboxane A, a powerful
eicosanoidinducer of aggregationfrom AA, inhuman subjectsgivenvery high
levelsof BO(16). It wasal so suggested that the erucic acid content of BO could
render the ail toxic, athough thereis little evidence for this contention. One
study at least found no difference in GLA content of tissues or eicosanoid
production by aorta when rats were given evening primrose or borage oils at
equivalent dietary content of GLA (17). It is clearly important that issues
concerning the relative effects of different GLA-containing oils are resolved
quickly by further research. Apart from putative effects of DLMG, another
possible explanation of the differences between oilsistheir content of minor
components with potent activities. In other words, we may have to
question how much of the effects for which claims are made are
actually due to GLA at all.
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Long-chain polyunsaturated fatty acids of
the n-3 family

Structure, occurrence and formation

When animalsingest «-18:3, someisincorporated unchanged intolipids,
doubtlessalittleisoxidized, but muchismetabolized by aseriesof desaturations
and elongations to longer-chain PUFA (Figure 4.2).

Thelargest sources of these long-chain PUFA arethe oils of fish that eat
phytoplankton containing a high proportion of «-18:3 in their lipids (18).
Infish, thesefatty acidsarepresentintriacylglycerolsthat arestoredintheliver
(e.g. cod) or inthe flesh (e.g. mackerel, herring). When «-18:3 isingested by
man and other simple-stomached land animals, very littleisincorporated into
storage triacylglycerols, most being directed into membrane phospholipids.
The n-3 PUFA are particularly abundant in nervous tissue, especially brain,
and in the retina of the eye. Human milk contains small but nutritionally
significant amountsof EPA and DHA (19). Ruminants, to whosedietary lipids
«-18:3 from pasture makes alarge contribution, absorb very little since much
isdestroyed in the rumen by microbial hydrogenation. However, they manage
to conserve sufficient to supply the needs of their nervous tissue membranes.

Metabolism of n—3 PUFA to eicosanoids

The n-3 PUFA are converted by a process of enzyme-catalysed
peroxidationintoadiverseseriesof oxygenatedfatty acidstermed’ eicosanoids
from their parent C,, acids (1). (Strictly, those compounds formed from C,,
acidsshould be named‘ docosanoids’ but theall-embracing term‘ eicosanoids’
will be used for simplicity.) There are two main pathways, each catalysed by
adistinct group of enzymes: the cyclo-oxygenase and lipoxygenase pathways
(Figure 4.3). The former produces prostaglandins, prostacyclins and
thromboxanes; thelatter leukotrienes, named from the cellsthat are their most
important source — the leukocytes (white blood cells). All these compounds
exert potent biological activitiesat concentrations down to 10-° g per gram of
tissue. So powerful are they that eicosanoids must be produced locally and
destroyed as soon as their effect has been exerted. Activities include muscle
contraction, regulation of kidney function, modulation of inflammatory and
immune reactions, regulation of hormone secretion, bone calcification,
reproduction, visual function and electrical activity of the heart.
Indeed they appear to function throughout the body as important
metabolic regulators (1,19).
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Figure 4.3. Two major pathways of arachidonic acid metabolism to eicosanoids.

The long-chain PUFA substrates for cyclo-oxygenase and lipoxygenase
are stored in the phospholipids of cell membranes and released from these
lipidsby phospholipase A action. Dietscommoninthe UK andsimilar western
countries result in biological membranes in which n-6 PUFA predominate.
When the diet contains a preponderance of n—3 PUFA, these may replace in
part at least, the n—6 acids (mainly arachidonic acid, all-cis- 5,8,11,14-20:4(n—
6). In these conditions, the -3 PUFA become the preferred substrates for
eicosanoid formation. In general, n—3 eicosanoids have weaker activitiesin
such processes as platel et aggregation and blood vessel constriction than n—6
eicosanoids. An important potential practical consequence is, therefore, that
dietsrich in n—=3 PUFA can result in an attenuation of eicosanoid activities.
This may be a basis for some of the physiological activities ascribed to n-3
PUFA and discussed in succeeding articlesin this series.
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Dietary requirements for n—3 PUFA

Whereas it has been possible to demonstrate by direct experiment that
linoleic acid is essential for man, the evidence for essentiality of «-linolenic
acidisindirect. Sinceit cannot be madein the body, yet seemsto beimportant
in nervousand visual tissues, itsessentiality can be assumed and requirements
have been set at about 20% of linoleic acid requirements (see reference 20 and
final section). These values are based solely on requirements to prevent EFA
deficiency. However, asfor linoleic acid, there has been much debate about
whether human beings have requirements for c.-linolenic acid in excess of
those needed to prevent overt EFA deficiency.

Influence on plasma lipids and lipoproteins

Effects on plasma cholesterol: not all polyunsaturated fatty
acids are equal

During the past 40 years an enormous amount of research has been
devoted to understanding how different types of fatty acidsin the diet affect
plasmalipids (see Chapter 1) and most people are aware of the generalization
that polyunsaturated fatty acids (PUFA) lower plasma cholesterol while
saturated fatty acids (SFA) raise it. However, just as not all SFA have a
cholesterol-raising effect (see Chapter 2), so not all PUFA have a lowering
effect. Thus, PUFA of the n—6 family have the cholesterol-lowering effect
ascribed by most peopleto PUFA in general, whereas those of the n—3 family
seem to have minimal effects, at least when consumed in modest amountsin
practical diets. Indeed, there is some evidence to suggest that high dietary
intakesof fish ails, richinn—3 PUFA, may increase LDL -cholesterol (LDL-C)
and apoprotein-B (apoB, the characteristic protein of LDL) concentrationsin
some people (21).

Recent work has suggested a plausible mechanism (22). When the human
diet was supplemented with methy! esters of -3 PUFA derived from certain
fish ails, the plasmacontained LDL particles enriched with cholesteryl esters
esterified with n-3 PUFA. When incubated with human liver cancer cellsin
culture, these particles depressed LDL receptor activity and reduced the
abundance of the messenger RNA that codes for the receptor. If thisoccursin
normal liver cellsin the living body, it would provide an explanation for the
raised LDL in plasma since the lower receptor activity would result in poor
clearance of the particles from plasma.
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Effects on triacylglycerols

Themostimportantinfluenceof n—3 PUFA istodecreasetheconcentration
of VLDL inplasma. Sincetheseparticlesareparticul arly richintriacylglycerols,
themain effect istoreduceblood triacylglycerol concentrations(23). Thismay
have public health significance in view of evidence that triacylglycerol-rich
lipoproteins play an important role in cardiovascular disease (24).

The first to describe this phenomenon were Harris and colleagues (25),
who compared effects of two diets each providing 40% energy as fat and
500 mg cholesterol per day, one containing PUFA mainly in the form of the
n—6 family (from vegetable ils), theother rich in the n—-3 family (from salmon
ail). Plasmaconcentrations of total cholesterol were 174 and 170 mg/dl onthe
n—6 and n—3 dietsrespectively compared withavalueof 194 ona‘control’ diet
inwhich SFA and oleic acid predominated. However, plasmatriacylglycerols
were 75 mg/dl on the n—6 PUFA diet and 50 mg/dl on the n—3 PUFA diet
compared with a‘control’ value of 76 mg/dl. These differences between n—6
and n—-3 diets were entirely due to changes in the VLDL fraction: LDL and
high-density lipoprotein (HDL) were not changed. The amounts of fish
required to elicit these effects were quite large, representing intakes of n—3
PUFA of 20-30 g/day (current UK intakes are about 2 g/day).

Sanders and his colleagues (26) investigated the effects of morerealistic
amounts of n—3 PUFA (4 g/day from cod liver oil). Whereastotal cholesterol
did not change significantly, triacylglycerol concentrations fell by 23% and
therewasasignificant riseinHDL-C. Inanother experiment (27), supplements
of 8 g/day n—-3PUFA resultedinad40%r reductionintriacylglycerol concentration
while 1-4 g/day had littleeffect. A lowering of 54%in plasmatriacylglycerols
was achieved (28) with 3 g/day n-3 PUFA from a ‘MaxEPA’ fish oil
preparation compared with a similar amount of olive oil, with no significant
change in total cholesterol or HDL-C.

There is some evidence (23) that dietary n-3 PUFA, while having little
influence on total cholesterol or LDL-cholesterol, may reduce the size of the
LDL particlesand increasetheratio of their protein to cholesterol. It has been
suggested that the atherogenic nature of LDL particlesincreaseswith decrease
in particle size (23). The net effect of n-3 fatty acids in atherogenesis,
therefore, remains unclear, since the effects on VLDL concentration may be
construed as beneficial while those on LDL may be adverse.

The studies mentioned so far examined healthy subjects with normal or
only moderately raised VLDL triacylglycerols. Several geneticdisordershave
been described that result in raised triacylglycerol concentrations due to
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changes in the genetically determined proportions of different plasma
lipoproteins. Thus, in Type 1V hyperlipidaemia, only VLDL israised, whilein
the Type l1b disorder, there are raised concentrations of VLDL and LDL, in
TypeV raised VLDL and chylomicronsandin Type |11, raised concentrations
of chylomicronremnantsand VL DL withanabnormal enrichment of cholesterol.
All, particularly thelatter, are associated with increased risk of atherosclerosis.
Many studies (reviewed in 26), have shown that modest intakes of -3 PUFA
lower triacylglycerolsin these patients as well asin normal subjects. At low
levels of intake, there is little effect on total cholesterol, as distinct from
triacylglycerols, but at intakes much above 20 g/day, significant lowering of
total cholesterol has been achieved in some studies.

Inthestudiesdescribed above, measurementsof lipoprotei nconcentrations
were made mainly on fasting blood samples. Recently, interest has turned to
effects of dietary PUFA on lipoprotein responses immediately after a meal.
A summary of the limited information on this topic can be found at the
end of Chapter 1.

Mechanisms

Dietary or druginterventionsmay reduceplasmalipoprotei nconcentrations
by reducing their synthesisinimportant tissuesliketheliver or increasing their
uptake from plasma into tissue by receptor mediated mechanisms, thereby
increasing their potential to be catabolized. Tracer studies in animals and
human subjects have demonstrated effects of n-3 PUFA in the rates
of synthesis of VLDL triacylglycerols, and at higher intakes, on
rates of catabolism (23).

Conclusion

In conclusion, it seems beyond doubt that regular consumption of even a
few grams a day of n—3 PUFA maintains low concentrations of circulating
triacylglycerols. Theinfluence of the n—3 PUFA on LDL and HDL seemsless
clear and there are conflicting reports in the literature. In some experiments
higher intakes (over 20 g/day) of n—3 PUFA lowered LDL, in others similar
amounts had no significant effectsand in yet others, the concentration of LDL
wasevenraised. Similarly, someexperimentsfoundlittleeffecton HDL at any
level of intake, whereasin other experimentsHDL concentrationsfell somewhat.

One explanation is that different individuals react differently to these
dietary fatty acids. However, the possibility of dietary interactions has to be
considered. Many of the differences reported in the literature concerning the
effects of different SFA and oleic acid can be reconciled by considering
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interactions between the SFA and theamounts of linoleic acidinthediet. The
effects of any particular SFA depend on the appropriate dietary ‘ threshold’ of
linoleic acid (see Chapter 2). Similar considerations may also apply to the
effects of the n—-3 PUFA on plasma lipoproteins.

Dietary effects on blood clotting potential
New interest in thrombosis

Inthe scientific discussion that led to the formulation of dietary adviceto
modify fat consumption, the issue of thrombosis has been largely ignored in
the preoccupation with atherosclerosis. The balance is now being redressed
and thoughtful papers like that of Ulbricht and Southgate (29) have drawn
attention to the potential importance of diet in relation to thrombosis. Almost
al the recent experimental work linking dietary lipids with thrombotic
potential has been concerned with the n—3 polyunsaturated fatty acids (PUFA)
but before | describe the results of this research, | will briefly outline the
physiological events leading to thrombosis since the interpretation of the
experimental results demands some understanding of the processesinvolved
and the types of measurements made.

The haemostatic system: blood vessel maintenance

The walls of blood vessels, especially arteries where the pressure is
higher, are subject to continual wear and tear, for which a complex system of
repair hasevolved. Put simply, the blood hasto find the resourcesto plug holes
in the vessels to keep the tissue healthy on a minute by minute basis, and on
occasion, to prevent uncontrolled bl eeding from largewounds. However, if the
blood clotting systemweretoo highly primed, theplugsor ‘ thrombi’ would not
simply repair the wound but could block the vessels, cutting off blood supply
totissues. Thisisindeed what happensin aheart attack, when acoronary artery
supplying blood to the heart becomes occluded by athrombus. A balance must
therefore be struck between allowing sufficient clotting to occur to repair
wounds but guarding against dangerous unchecked thrombus formation. This
is termed ‘haemostasis’. Three main components of the blood contribute to
haemostasis and eicosanoids formed from PUFA play akey rolein regulating
the behaviour of these components and the interactions between them.
Of the three components, blood platelets and the plasma coagulation
cascade (Figure 4.4) contribute to wound plugging, while the fibrinolytic
systemensuresthat unwanted thrombi aredissolved. Attheoutset, adistinction
has to be made between the continuous normal low level repair of
microscopic injuries and the need to repair serious damage that leads to an
explosive blood clotting reaction.
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Figure 4.4. The blood coagulation cascade. Coagulation factors are denoted
by roman numerals. At each step in the cleavage of inactive to active (denoted
by ‘a’) form, an ‘activation peptide’ is released.

The clotting system comes into play as soon as the endothelial lining is
broken, exposing a ‘ pro-aggregatory surface’. Firstly, exposure of collagen
fibres releases adenosine diphosphate (ADP) which triggers the aggregation
of platelets to begin the reaction. *Activated’ platelets cause secretion of
various growth factors that organize severa types of cells to continue the
process of wound healing. Secondly, exposure of a specific cell membrane
protein, normally ‘hidden’ from the blood, permits the binding of a plasma
coagulant factor (Factor V11). Thistriggers acascade in which inert precursor
proteinsare converted into active enzymesfinally leading to the conversion of
fibrinogen into fibrin, a prime component of the repaired wound. These
reactions are localized to some extent by requiring a phospholipid surface on
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whichto take place. Thirdly, thrombus material that isexcessto requirements
can be dissolved by the enzyme plasmin acting on fibrin as a substrate. This
enzymeisnormally stored in aninert form as plasminogen and the conversion
of inactive to active form is triggered by plasminogen activator.
These processes are admirably described in the British Nutrition Foundation’s
report of its Task Force on Unsaturated Fatty Acids (19).

Twomajor playersinthehaemostatic system—thecellsof thevessel wall
and the blood platelets — produce different types of eicosanoids from the
PUFA present in their membranes. Platelets produce mainly thromboxanes
(TX) while vessel walls release prostacyclins (PGI) (Figure 4.3). Binding of
TX to a specific receptor triggers changes in platelet shape and release of
calcium from the cytosol, which in turn releases numerous proteins stored in
granules within the platelet. These proteins cause the platelets to aggregate.
In the endothelial cells of the vessel wall, by contrast, PGI is produced. This
is a potent inhibitor of platelet TX synthesis and counteracts aggregation as
well as being a vasodilator. The opposing effects of TX and PGI have led to
the concept that the extent of platelet recruitment after vessel wall injury isa
function of theratio of concentrationsof opposing factors. Thus, interventions
that change this balance are conceived as altering thrombosis risk. Whilethis
is almost certainly a gross oversimplification, it provides a useful basis for
much experimental work.

Measurement of haemostatic components

Aswill be appreciated, the entire physiological system regulating blood
clotting is enormously complex. If one wishes to investigate the effects of
dietary components on the potentia for thrombosis to occur, it is usually
necessary to make measurements on parts of the system only, especialy in
human subjects where interventions must be minimally invasive. Thus, it has
been common to measure effects on the aggregation of isolated blood platel ets
in vitro, changesin one of the many components of the coagulation cascade,
components of the fibrinolytic system or more simply to measure ‘ bleeding
time’ (the time taken for bleeding from a cut to stop). Each of these methods
has problems with specificity, sensitivity and within-individual variation.
Moreover, thereis always adanger, when measuring oneisolated component
of avery complex systeminvitro, of being misled about the changethat would
have occurred in the living person.

Experimental results with dietary n—-3 PUFA

Citation of original research discussed in the next two sections can be
found in references (19) and (30).
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Dietary lipids and platelet aggregation

Studies can be grouped according to whether they involved conducting
platelet or bleeding time tests in groups of people (i) who were naturaly
consumingdifferent dietsor (ii) whosedietsweremanipul ated experimental ly.
Intheformer case one hasto accept that other aspects of lifestyle may provide
confounding factors, whereas in the latter case subjects can be randomly
allocated to diets and there is the possibility for a double-blind
placebo-controlled design.

Renewed interest inthis subject was stimulated when it was observed that
bleeding time was longer and platelet aggregation decreased in 21 Inuit
subjectscompared with ageand sex-matched Danes. |n Japan, theconcentration
of adenosine diphosphate needed to induce 50% of maximum platelet
aggregation was higher in inhabitants of afishing village, whose averagefish
intakewas 250 g/day comparedwithfarming villagerswhosefish consumption
was 90 g/day. In The Netherlands (Zutphen Study), however, there were no
significant differences between bleeding times or platel et aggregation activity
between groups consuming 2 or 33 g fish/person/day.

The amount of EPA contained in the 250 g or so of fish consumed daily
by Japanese fishing villagerswas about 2.5 g. (The same amount is present in
about 25 ml codliver oil or 12.5 g MaxEPA fish oil preparation.) Accordingly,
several experimental studies have been conducted to assess the effects of this
amount of EPA on platelet function and bleeding time. The latter was
prolonged significantly in most studies. Platel et responsi venesswas depressed
in some, not affected in others or even increased in two.

Anoveral conclusionfromall studiesisthat fatty fish consumption of the
order of 200-300 g/day results in prolonged bleeding times and reduced
tendency for platel et aggregation. However, the effects of consumptionsof the
order of 30 g/day or lessthat may be practical or acceptablein most * Western’
countries are less conclusive. Experiments involving larger numbers of
subjects would be required to reach a firm conclusion.

Itispostulated that the dietary factorsresponsiblefor theanti-coagul atory
effects are the n—-3 fatty acids present in the marine ails, which replace
arachidonic acid in the platelet membrane, giving rise to the less aggregatory
thromboxanes and there are several studiesthat are consistent with this view.
However, itispossibleto seediet-induced changesinthefatty acid composition
of platelet membranes without parallel changes in platelet aggregratory
propertiesashappenedintheZutphen Study. Incontrast, adenosinediphosphate-
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induced platel et aggregation tendency may decreasein parallel with increases
in EPA content of membranes but persist for several weeks after stopping the
fish oil diet when the fatty acid composition returned to normal.

In contrast to the effects of n-3 fatty acids, observational and
dietary intervention studies have shown few significant effects of
n—6 PUFA or n-9 MUFA.

Dietary lipids and the coagulation cascade

It isonly recently that properly controlled studies have investigated the
effects of dietary fats on some of the individual components of the cascade.
Factorsstudied have been Factor VI, Factor X and fibrinogen and most have
used fish oil supplements.

Reduction of total fat intake asaproportion of dietary energy reduced the
concentration in plasma of Factor VII_but the composition of the fatty acids
had no influence. Fish oil supplements appeared to have increased Factor X
activity insomeexperimentsbut not others. M ost studieshavefoundfibrinogen
concentrationsto be unchanged by dietary fish oil supplements but some have
observed a reduction and one an increase.

Study of theeffectsof diet onfibrinolyticfactorsisinitsinfancy and again
seemsto have been concentrated on the effects of fish oils. Some studies have
reported an increase in plasminogen activator inhibitor activity after giving
dietary fish oil while others have reported no change or areduction. Likewise,
most studies report no change in plasminogen activator concentrations in
response to fish oils while some report an increase and one a reduction.

These conflicting results are amost certainly dueto technical difficulties
in measuring appropriate activity parametersin such a complex system. The
coagulation factors circulate in concentrations that are considerably in excess
of requirements so that small changesin concentration that may beinduced by
diet may have no influence on reaction rates. Immunoassays measure all
related species of afactor, both active and inactive, and may not, therefore, be
particularly useful indicators of coagulant activity in vivo. Activation occurs
on vessel surfaces rather than in liquid blood. Finally, once the enzymes are
removed from their surfaces, they quickly bind to inhibitors so that their
activity isneutralized. Incurrent research, theselimitationsarebeing overcome
increasingly by the measurement of so-called * activation peptides’ which are
released into the blood circulation during the conversion of active to inactive
enzymes but have no coagulant activity themselves. They may thus act as
useful markers of enzyme activity (19,30).
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Despite these limitations, there seems little doubt that dietary n-3
polyunsaturated fatty acidscan influencethrombosisbut whether at level sthat
are practical in most Western diets remains uncertain.

Influence on inflammatory disease

What is inflammation?

The body is vulnerable to injury from a number of sources including
attack by microorganisms and physical wounding of tissues. Part of the
protective response to such injury is inflammation whose cardina signs are
redness, heat production, swelling and pain. There may be dilation of blood
vessels, leakage of fluid from vessels to cause oedema, release of plasma
proteinases and of histamine. Inflammatory responses aso involve the
mobilization of various cells of theimmune system, especially macrophages,
which engorge microorganisms and cellular debris. The coordination of these
cellular activitiesrequiresthe participation of specific eicosanoids synthesized
from membrane polyunsaturated fatty acids. Inflammation is sometimes an
acute, short-lived reaction to injury but is often associated with chronic
diseases. Among the best documented are rheumatoid arthritis and asthma.

The basis for dietary manipulations with n—3 PUFA in
inflammatory disease

Of the various types of cells of the immune system, B-lymphocytes and
T-lymphocytes are the main instruments of immune responses to specific
antigens. Cells involved in inflammation are mainly polymorphonuclear
leukocytes, macrophages and so-called non-specific ‘killer’ cells. Activation
of these cellsleadsto stimulation of the activity of phospholipase A, resulting
intheselectiverel easeof fatty acidsfrom position 2inmembranephospholipids.
Theproportion of n—6 to n—3 PUFA in cell membranes changesin responseto
the proportions of these PUFA in the diet and thiswill, in turn, influence the
composition of the products released by the action of phospholipase A, (19).

Severd pro-inflammatory products are produced by the metabolism of
arachidonic acid (AA): prostaglandins and thromboxanes from the
cyclo-oxygenase pathway and leukotrienes, lipoxins and various
hydroxy-fatty acids from the lipoxygenase pathway (see earlier section, and
Figure 4.3). Analogous products are al so formed from eicosapentaenoic acid
(EPA, acharacteristic component of many fish oils). The products from EPA
are considerably weaker inflammatory agentsthan thosefrom AA. Moreover,
EPA partialy inhibits the formation of both prostaglandins and leukotrienes
from AA (Figure 4.5). The net effect is that as the proportion of n—3 to n—6
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Figure 4.5. Competition between the n—3 and n—6 PUFA pathways for the
production of eicosanoids; +++ signifies strongly inflammatory; + signifies
weakly inflammatory.
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PUFA in the diet is increased, the composition of cyclo-oxygenase and
lipoxygenase products generated in response to injury becomes less
inflammatory. This, put simply, isthe basisfor the hypothesisthat changesin
dietary lipids may influence the strength of the inflammatory response.

Studies with animals

Increasing the level of n—3 PUFA in the diets of experimental animals
rapidly results in elevated concentrations of these fatty acids in the plasma
lipoproteins and their enrichment in the membranes of blood cells such as
erythrocytesandleukocytes. Ingeneral, theseexperimentsdemonstratereduced
local concentrations of the strongly inflammatory prostaglandins and
leukotrienes from AA and suppression of inflammation. The latter was
assessed intheliving animal by measuring blood concentrationsof * cytokines
— proteins released during inflammatory reactions that activate cells of the
immune system. Behaviour of isolated immune cells in vitro has also been
used to assess the potential to mount an inflammatory response (19).

Ratsand miceimmunized with aparticular mycobacterial peptidedevel op
an arthritic disease closely resembling human rheumatoid arthritis.
The severity of the disease can be reduced by giving adiet enriched with EPA.
However, inanother typeof diseasemodel , inwhich ratswereimmunized with
collagen, dietary fish oil seemed to aggravate the arthritis (19).

Studies of human inflammatory disease

Asinlaboratory animals, dietsrichinn—3 PUFA increasetheconcentration
of these fatty acids in the membranes of human leukocytes and reduce the
production of strongly inflammatory leukotrienesfrom AA. They inhibit AA
metabolism by suppressing phospholipase A, and lipoxygenaseactivity. They
also suppress the synthesis of inflammatory cytokines (19).

The best documented human inflammatory disease in regard to the
influence of dietary n—3 PUFA isrheumatoid arthritis. In this condition, there
is progressive erosion of the cartilage of the joints accompanied by swelling
and inflammation. Many trials have been conducted to test the hypothesisthat
dietary fish ails rich in =3 PUFA will alleviate the condition. Most have
demonstrated modest improvement, but the responses have been variable.
Problems encountered in this type of research are that:

« even without treatment, the disease is characterized by frequent remissions
and exacerbations;

* most studies have been conducted over relatively short periods; and
« not all studies have been well controlled.

Copyright © 1999, 2009 PJ Barnes & Associates



4. NUTRITIONAL AND BioLocicAaL PROPERTIES OF POLYUNSATURATES 147

Regardingthelast-named problem, itisconsidered important that patients
areproperly randomizedinto control andtreatment groupstoavoid confounding
factors. Studies should be conducted double blind so that neither patients or
researchers know who has been alocated into control or treatment groups.
The control patients should receive aplacebo, but it isnot easy to decide what
the nature of the placebo substance should be. In some experimentsit hasbeen
liquid paraffin, asupposedly inert mineral oil, butin many it hasbeen oliveoil,
on the assumption that the fatty acids of thisoil are‘neutral’ intheir influence
on inflammation. This may not necessarily be so. In all studies, patients were
receiving somekind of drug therapy, such asaspirin or paracetamol, and were
maintained on the same treatment during the trials. Thus, although the n—3
PUFA supplement was not the only ‘treatment’, the drug therapy should have
been randomized equally between control and treatment groups.

In the short-term experiments that have been conducted thus far, the
measurements made to assess the severity of the disease were joint stiffness
and pain, recorded either subjectively by the patients or after examination by
arheumatologist. Biochemical tests have usually demonstrated the expected
changes in membrane composition and reduced production of inflammatory
eicosanoids and cytokines by leukocytes in vitro. However, no experiments
have been conducted over times sufficiently long to observe effects on
cartilage and bone erosion.

A summary of the main results of a selection of studies is presented in
Table 4.2. Theconclusion of many research workersinthisfield at the present
time is that the results of short-term studies of dietary supplementation with
fish oils or preparationsfrom fish oils enriched in n—3 PUFA are encouraging
but that more research is needed before dietary supplements of this nature can
be recommended as standard treatment. The efficacy of dietary n-3 PUFA
treatment for other diseases involving impaired immunity or
inflammation, such as asthma, lupus or multiple sclerosis are less certain
but subjects of active research.

Dietary n—6/n-3 polyunsaturates balance:
Is it important?

A common theme running through this chapter has been that the dietary
ratio between n—6 and n—3 PUFA should greatly influencetheir mode of action
because of competition between PUFA families for enzymes that metabolize
them and for sites in membranes where they are stored.
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Table 4.2. Effects of dietary n-3 PUFA on the severity of rheumatoid
arthritis: summary of clinical trials.

Reference Detailsof study®  Clinical outcome

31 FO, 20 g/day Reduction in severity of some
12 patients for 6 weeks. but not all measurements

of disease activity.

32 FO, 18 g/day Significantimprovement
(EPA+DHA, 2.0 + 1.2 g/day) in objective scoresfor grip
23 patients for 12 weeks. strength and tender joints
Placebo: OO, 18 g/day for compared with placebo.
12 weeks Assessmentsimproved in
Double blind. both groups.

33 FO: EPA+DHA: Subjective and objective
(i) 27+18mg/kg/day improvementsin joint
(ii) 54+36mg/kg/day inflammation especially
20 patients for 24 weeks. in higher dose group.
Placebo: OO, 6.8 g/day
12 patients for 24 weeks.
Double-blind.

34 FO, EPA+DHA, Significantimprovement
2.0+ 1.2 g/day injoint stiffnessand
27 patients for 12 weeks. tenderness

Placebo: lipids with fatty
acid composition similar
to Danish diet. Double-blind.

1FO: fish ail; OO: olive oil; EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid.

Here | shall summarize several original publications and reviews that
havediscussed diversewaysinwhichthen-6/n-3ratiointissuesandinthediet
might be important and examine the implications for future diets and foods.

Former over-emphasis on linoleic acid

Over 20 yearsago animportant publication described current knowledge
at that timeon therol e of fatsin human nutrition (35). Thisbook appeared soon
after the introduction of the new margarines that were rich in PUFA.
These products were strongly promoted by the manufacturers and their
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associated public relations agencies as useful contributorsto the diets of those
who wished to control their blood lipid levels as a means of preventing
coronary heart disease. The publicationwasnotableinthat it regarded* PUFA’
asmore or less synonymous with linoleic acid (LA, n—6 family) whereas the
n-3 family was largely ignored. It seemed to be assumed that LA and the
n—6 family were of major importance to health and that members of the n—3
family weremainly of academicinterest. The second edition (36) publishedin
1989 presented arather different picture, with chapters on early devel opment
andonmarinelipids, which put moreemphasisonthen-3family. Neverthel ess,
a detailed examination of the consequences of changing the dietary ratio of
n—6 to n—3 PUFA was conspicuously missing and had to wait until the present
decade to be given due prominence.

The Japanese perspective

Therearewidedifferencesin intakes of n-3 PUFA throughout theworld.
For example, intakes of long-chain (C,, and C,,) PUFA range from about 4%
of dietary energy in Greenland, 1% in Japan, 0.3% in the UK to 0.1% in the
USA (37). To examine the potential consequences of changes in the ratio of
n—6/n—-3 PUFA, Japan provides one of the best examples, since the changes
experienced there have been amongst the highest in the world.

Since the 1940s, Japan has experienced a roughly three-fold increase in
intakes of saturated (SFA) and monounsaturated (MUFA) fatty acidsand LA,
and anincreasein the n—6/n—-3ratio from 2.8 to 4. The current level of total fat
consumption (about 60 g/day) is still considerably below that of Western
countries (about 90 g/day) but the average intake of high-linoleate oils is
comparable. Thus, asaproportion of total fat, theintake of LA issignificantly
higher in Japan than in Western countriesbut theintake of n—3 PUFA fromfish
oils has not increased proportionately.

In a detailed review, Okuyama et al. (37) associate these changes with
certain cancers prevalent in the West, allergic diseases and thrombosis.

Cancer

Diets rich in LA enhance tumour development in laboratory animals
dosed with carcinogens, whereas those enriched with n-3 PUFA tend to
suppress it (38). Tumour cells enriched with n—6 PUFA produce larger
amounts of a prostaglandin (PGE,) derived from arachidonic acid (AA, n-6),
which may have the effect of suppressing the host’s immune system. The
persistent over-production of inflammatory el cosanoids derived from the n—6
PUFA may stimulate proliferation of mutated cellsleading toincreased chance
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of tumour development. Similar effects are not seen in cells enriched with
n—3 PUFA, because long-chain n—-3 PUFA, such as e cosapentaenoic acid
(EPA), arepoorer substratesthan AA for theenzymesof ei cosanoid production
(seeearlier section, and Figure 4.4). The metastasis of cancer cells(migration
to tissues distant from the site of origin) is stimulated by LA and
suppressed by n—3 PUFA.

Okuyamaand colleagues (37) citeevidencefor increasesin theincidence
of various cancersin Japan and the USA that correlate closely with increases
in the dietary n—6/n-3 ratio. It must be borne in mind that these are merely
statistical associations. However, the associations may have some biological
plausibility based on the competitive metabolism of the n-3 and n—6 fatty acid
families described above. More research on potential mechanisms is
clearly needed.

Allergic hyper-reactivity

There seems no doubt that the incidence of allergic diseaseshasrisenin
developed countries in the last few decades and is still rising. Okuyama and
colleagues (37) argue that this, too, is associated with an increasing ratio of
n—6/n—-3 PUFA. Once again they attribute this to an enhancement of the
production of lipid mediators of inflammatory reactions by LA and its
suppression by n—3 PUFA, citing published work with both experimental
animals and human subjects. They also note the low prevalence of
asthma among the Innuit peoples, who have among the highest intakes
of =3 PUFA in the world.

Tokeeptheissuein perspective, it should be noted that, so complex isthe
immune system, the results of experimentson the effects of PUFA onimmune
function in either animals or human beings cannot be interpreted simply.
Moreover, other plausible microbiological and immunological mechanisms
have been proposed to account for the increased incidence of allergies that
havelittleto do with diet (39). Interestingly, theseideas also involve ashiftin
the balance between different agents.

The nervous system

The long-chain n—3 PUFA, docosahexaenoic acid (DHA), is uniquely
important in the membranes of nervous tissue. Failure to provide enough
DHA,, either asthe preformed long-chainfatty acid or itsprecursor, «-linolenic
acid (ALA) resultsinlossof visua acuity and in diverse behavioural changes.
Both Okuyamaet al. (37) and Connor (40) havediscussed how too high aratio
of dietary n—6/n—-3 PUFA can exacerbate the adverse effects of diets
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aready low in n—=3 PUFA, partly by the inhibition by the n—6 family of
conversion of ALA to DHA.

Inawide-rangingreview, Hibbelnand Salem (41) discusstheir hypothesis
that depressive conditionsmay bedueto arelativedeficiency (including ahigh
n—6/n-3 ratio) of -3 PUFA. They propose that thismay occur through one or
several mechanismsall in someway resulting from adepletion of n—3 acidsin
nervoustissuemembranes. They citeevidencefor disruptionof neurotransmitter
systems, defectivesignal transduction pathways, reduced insulin sensitivity of
receptors, enhanced calcium channel activity (resulting in an over-supply of
intracellular calcium) and potentiation of aprocesscalled‘kindling’. Thelatter
isasituation in which continued stress perpetuates cycles of self-propagating
depressive behaviours. The authors mount an impressive list of citations to
back their case but concede that the hypothesis“ requiresagreat deal of future
experimental work for confirmation”.

Where now?

In this brief review | have focused on the three topics of cancer, alergy
and behaviour. However there are other important areas of research in which
the significance of a high n—6/n-3 PUFA ratio is being investigated. For
example, -3 PUFA lower the plasma triacylglycerol concentration and
reduce the postprandial peak of blood triacylglycerols (see earlier section and
Chapter 1). Then-3 PUFA asoincreasetissueinsulin sensitivity and improve
glucose tolerance. There is also some evidence that they reduce
blood coagulating potential. All these factors are relevant to the problem
of vascular diseases.

Based on hisextensivework onthespecificitiesof enzymesthat metabolize
PUFA, Lands(42) hasdevised equationsthat predict therel ative concentrations
of =3 and n—6 PUFA in biological tissues from knowledge of intakes of LA
and ALA. Lands is convinced that we need to revise our views on
the appropriate dietary balance between n—6 and n—3 PUFA and suggests
that “there has been a conspiracy of silence concerning over-abundance
of n—6sin the diet” (43).

Thisresearch activity isfeeding through to producers and consumers and
hasal ready stimulatedinterestinwaysof incorporating thesehighly unsaturated
lipidsintofoodswithout compromising eating quality. Thehuntisonfor ‘ new’
seed oils that are relatively stable by virtue of their antioxidant content.
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Camelina is one example. | recently discovered that the depot fat of horses
contains17% ALA (44). | cannot imagine that thiswill be apractical way for
many peopletoincreasetheir -3 PUFA intake, but if weknew how the horse
manages to store such alarge amount of this fatty acid when few other land
species do, we might devise waysto boost the n—3 content of animal products.

Dietary requirements for the essential fatty acids

Background

In 1991 the UK Department of Health updated its recommendations for
dietary intakes of nutrients, now called ‘Dietary Reference Values (DRV)
(20). In this final section | shall discuss the basis for those
recommendations and their validity.

EFA arefatty acids that are absolutely needed for life but which cannot
be synthesized from other compounds in the body. They must, therefore, be
supplied in the diet. The main tasks of nutritionists at the outset are:

« to define which fatty acids are essentia; and
* to assess how much is required in the diet.

The Department of Health' sDRV Panel set out to assess, from published
literature, therange of requirementsfor EFA, from which estimatesof average
needs (EAR) and those that would satisfy most of the needs of a specific
population group (RNI) could be made. The lowest intakes likely to be
adequate for any individual (LRNI) and excessive intakes likely to cause
harmful and even overtly toxic effectswereal so estimated. The sameapproach
wasused for all other essential nutrients (vitamins, mineralsand amino acids).

Which fatty acids are essential?

Although there is little dispute now that LA and ALA are dietary
essentials there is some uncertainty as to whether the longer-chain
polyunsaturated fatty acids (LCPUFA) are needed in the diet. Althoughiitis
clear that many human tissues can elongate and desaturate the precursor acids,
there have been few rigorous studies and the elongation and desaturation
activity has often appeared to be very weak. It is possible, therefore, that at
times of high demand, the conversion of the precursor acids into LCPUFA
might beinsufficient. Under these conditions, the LCPUFA could beregarded
as‘conditionally essential’. Such asituation occursin regard to severa of the
essential amino acids.
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Thereis considerable confusion in the Dietary Reference Values Report
about the distinction between EFA and their LCPUFA derivatives. Thereport
quite correctly saysthat the LCPUFA are not strictly EFA but then goeson to
assume that they are. Thus “(EFA) are precursors of prostaglandins,
thromboxanes, leukotrienes and of arachidonic, eicosapentaenoic and
docosahexaenoic acids’ ismidleading in that it isthe LCPUFA, not the EFA,
that are the major precursors of the eicosanoids. The phrase “...most fish are
good dietary sources’ (of EFA) again blurs the distinction between EFA and
LCPUFA, sinceit isthe LCPUFA, not the EFA, that are characteristic of fish.
These points may seem trivial.

However, such areport should be educational andislesslikely to succeed
inthisroleif it is ambiguous. Moreover, an important research need in EFA
at present is to determine the extent to which, under certain conditions, the
supply of LCPUFA may belimiting because of inadequate conversion of EFA
into LCPUFA.. Insuch circumstances, LCPUFA may become EFA. The Panel
does alude to this possibility but this point tends to get lost later because of
the EFA/LCPUFA confusion.

The statement: “a specific deficiency arising from inadequate dietary
a-linolenic acid has not been demonstrated in healthy humans...” isperplexing
as, surely, if specific deficiencies are observed, the subjects are, by definition,
not healthy. Also, by defining a-linolenic acid as an EFA in the very first
section, then to say deficiency has not been shown merely adds to the
confusion. In my view, the Panel has been over-cautious here in omitting
mention of thework of both Holman et al. (45) and Bjerveet al. (46). Neither
paper showed unambiguously that the deficiency syndrome observed was due
to a-linolenic acid, but the circumstantial evidence was compelling.

How much EFA is required?

The Panel offers a value for linoleic acid requirement of 1% dietary
energy which is in line with most other (conservative) recommendations
(Table 4.3). This seems sensible. However, they reject suggestions of higher
values without giving reasons, some brief explanation would have been
appropriate, since someone reading the Food & Agriculture Organization
(FAO) Document (47) cited may reasonably be quite impressed by the
arguments given in that publication for higher values. Also, it is a pity that
possible extra needs in pregnancy and lactation are not discussed (if only to
dismiss these on the grounds of adequacy of the mother’s adipose tissue
stores), sincethisisrelated to thefulfilment of requirementsininfancy through
the breast milk. Theweakest aspect of thissectionisthe derivation of thevalue
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Table 4.3. Dietary Reference Values (DRV) for fatty acids and total fat.

Fat Population average intake as % energy*
including excluding
alcohol acohol
Fatty acids
Saturated 10 11
Cis-Monounsaturated 12 13
Cis-Polyunsaturated? 6 6.5
including: linoleic 1
linolenic 0.2
Trans-unsaturated® 2 2
Totd 30 325
Tota fat* 33 35

*Alcohol istaken to contribute, on average, 5% of energy. 2The recommended intakes to
avoid essential fatty acid deficiency are: linoleic at least 1% and «-linolenic acid at |east
0.2% of total dietary energy for infants, childrenand adults. Thefiguresof 6/6.5 arethought
to be optimum intakes of total PUFA to maintain appropriate blood lipid levels.
The recommended individual maximum intake is 10% of energy. 3About 5 g/day.
“Total fat intake should be calculated from the sum of fatty acid intakes and glycerol,
i.e. total fat = SFA + MUFA + PUFA + trans + glycerol. An increase in consumption of
any fatty acid should be avoided.

for a-linolenic acid. The European Society for Paediatric Gastroenterology
and Nutrition (48) is quoted as suggesting a ratio of linoleic/a-linolenic of
4.5:0.5(9:1), theimplication being that thisisan average valuein human milk.
I ntheabsence of morerigorousinformation, thisseemsareasonabl eapproach.

However, the last sentence of section 3.1.5 reads: “ The Panel, therefore,
(my italics) recommended that..... linoleic acid should provide at least 1% and
a-linolenicat least 0.2% of total energy”. Thisgivesaratioof 5:1. Whereasthis
may beentirely reasonableonthebasi sof current knowledge, itisunsatisfactory
in that it appears to be afigure plucked out of the air. The use of the word
‘therefore’ implies that the figures have been derived through some kind of
logical processfromwhat hasgonebefore, but thisdoesnot seemto bethecase.
One can sympathize with the Panel’s dilemma in wrestling with inadequate
data. However, it should at least be demonstrated that the chosen figure was
derived with some kind of logic or €l se no recommendation should have been
made. Otherwise the integrity of the report is in some question.
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Harmful effects of lipid peroxidation

The section on lipid peroxidation focuses on the biology of lipid
peroxidationin vivo and theroleof radicalsin the progression of degenerative
disease and gives a good concise summary. It properly points out that the
presence of peroxidized lipidsmay bearesult rather than acause of diseasebut
does not consider the possibility that both relationships may exist in certain
circumstances, i.e. lipid peroxides could have arolein initiating pathol ogical
processes as well as being aresult of necrosis. The scientific evidence for an
initiating role seems to be underplayed.

It is surprising that in a document concerned with appropriate dietary
intakes of nutrients, thereisno discussion about the effects of consumption of
foods containing lipids that have been peroxidized either in food storage or
preparation. Significant research hasbeen reported on productsof peroxidation
of both PUFA and cholesterol infoods (49 and Chapter 3). Whilethereisgood
evidence that peroxides and hydroperoxides are not absorbed from the gut,
there is substantial evidence for the absorption of low molecular weight
products and for the cytotoxicity of some of these compounds. Much of this
work isinthefood scienceliterature and, moreover, alarge proportionisfrom
Japanese laboratories, facts that need a certain awareness of the appropriate
fields before an adequate assessment of the literature can be undertaken. The
discipline of food science has been underrated especially among those with
medical backgrounds and this may account for the omission here.

The practical implications are for:

« care over adequate intakes of antioxidant nutrients, which will give added
protection against peroxidation products formed both before consumption
and in vivo; and

* more care in storage and preparation.

The latter is not a concern of the report but the former is alluded to in
severa sections. Again, thereisadlight feeling of statementsbeing plucked out
of the air although this may be aresult of the need strictly to limit the size of
an already long document. Thusin the conclusions, the statement is made that
“intake of antioxidants is the major dietary contributor to that balance
[between radical activity and antioxidant status]” which suggestsanimportant
role for dietary antioxidants, yet earlier the phraseology is more cautious: “it
is not established how their [antioxidants] dietary intake modulates their
activity in the body”. This would have been an appropriate place to cross
reference to the work of the Vitamins Working Group, since vitamins C, E,
and possibly A and the carotenoids are regarded as having an important role

Copyright © 1999, 2009 PJ Barnes & Associates



156 LippsIN NUTRITION AND HEALTH: A REAPPRAISAL

as antioxidants, one function of which is to limit the peroxidation of PUFA
in vivo. In the chapter on vitamin E, the Vitamins Working Group could give
no precise requirement for vitamin E but remarked that requirementsfor this
nutrient would be determined by PUFA intakes. However, although the need
for antioxidant protection is mentioned in the chapter on fat, there is no
discussion of quantitative interrelationships and no cross-reference to the
chaptersonantioxidant vitamins. Thismay suggest insufficient liai son between
the two working groups.

It ismost interesting that although the potentially harmful effects of high
PUFA intakes are played down (* No evidence exists that high dietary intakes
of PUFA have been associated with any human disease”), in the final event,
theworking group wasovercomewith caution and was ableto recommend that
“the dietary intake of polyunsaturated fatty acids by individuals should not
exceed 10% of food energy”. The reasons for this limitation are not realy
adequately discussed.

Research into the metabolism of and requirement for the polyunsaturated
fatty acidsis proceeding quickly now. A revision of the recommendationsfor
dietary intakes of the EFA and their long-chain derivatives will soon be
required. Thisshould takeinto account theimportance of the bal ance between
the n—3 and n—6 families discussed earlier and the possible requirements for
the LCPUFA as ‘ conditionally essential’ under certain conditions.

Endpiece: What is ‘essential’ in regard to lipids?

Essential nutrients and essential metabolites

The concept of ‘essential nutrients' is well established in nutrition
science. Although most componentsof cells, tissuesand organs have essential
rolesto play inthebody, when applied to nutrientstheword * essential’ implies
that a substance, which is needed by the body but cannot be adequately
provided by the body, is required absolutely in the diet. There is little doubt
now that LA and ALA fit this definition of essentiality.

Some difficulty ariseswhen wethink about the longer-chain more highly
polyunsaturated metabolites of linoleic and a-linolenic acids (LCPUFA).
| once heard acolleague describe LCPUFA asessential fatty acids because, he
said, without themwewould die. Thisisabiochemist’ sdefinition and theterm
should be * essential metabolites asdistinct from essential nutrients. Asfar as
weknow, humantissuescontai ntheenzymesrequiredfor thefurther desaturation
and elongation along the n—3 and n—6 pathways (1). Catsareinteresting in that
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they lack the 6-desaturase and cannot synthesize y-linolenic or arachidonic
acids. Cats need arachidonic acid and must obtain it from the diet; hence they
are obligate carnivores.

Conditionally essential fatty acids and lipids?

Some have argued that a number of enzymes of LCPUFA metabolism,
notably the 6-desaturase, work so slowly in human tissues that insufficient
L CPUFA can beformed from the precursors, linoleic and c.-linolenic acidsfor
thebody’ sneeds(50). Therefore, theL CPUFA can beregarded asessential for
all practical purposes. Others would not regard them as essential in all cases
but would say that they become essential in certain clinical conditions, for
examplediabetes, or at certain stagesof life, e.g. infoetal or early neonatal life
(50). There are parallels here with the amino acids. For example, glycine,
which can normally be synthesi zed quite adequately inthe body, isused for the
synthesis of glutathione. Sometimes the demands for glutathione are so high
that additional glycine is needed from the diet. Under these conditions, it is
knownasa'’ conditionally essential’ aminoacid. Thus, LCPUFA may, according
tosome, be’‘ conditionally essential’ fatty acids. Inmy view, theevidenceisnot
particularly persuasive and the case for conditionally essential fatty acids has
certainly not been proven so conclusively as for amino acids.

Cholesterol

There is no doubt that cholesterol is an essential metabolite. It is an
obligatory and often major component of animal cell membranes. No other
naturally-occurring sterol structure is known to be able to replace cholesterol
while still maintaining membrane function. Cholesterol is aso an important
precursor of bile acids, steroid hormones and cholecalciferol (vitamin D).
Many studies that employed isotopic labelling techniques have demonstrated
active cholesterol synthesisin human tissues, principally theliver and the gut.
It seemsthereforethat cholesterol could not be regarded even as conditionally
essential. However, there may be an exception, namely in newborn bottle-fed
babies. At thisagelargeamountsof cholesterol arerequired for themembranes
of the brain and nervous system. Human milk isparticularly richin chol esterol
and it is possible that the baby’s liver may not be able to synthesize all the
cholesterol needed to compensatefor itslack ininfant formula(see Chapter 6).

Saturated fatty acids

All types of fatty acids, saturated, monounsaturated and polyunsaturated
are essential components of biological membranes, using ‘essential’ in the
biochemical rather thanthenutritional sense. It seemsto have been universally
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assumed that a supply of saturated and monounsaturated fatty acids is not
absolutely necessary, because they can be synthesized in the body. Evidence
for very active fatty acid biosynthesis in human tissues, however, is lacking
even when fat makes only asmall contribution to dietary energy (51). It could
be argued, therefore, that a dietary source of long-chain saturated fatty acids
is often necessary for the supply of structural lipids. For example, saturated
fatty acids contribute 50% of some membrane phospholipids and 100% of the
phospholipid fatty acids of the lung surfactant (52). The need for dietary
monounsaturated fatty acids is less certain since there does seem to be a
generally high level of 9-desaturase activity in human tissues.

Conclusion

We therefore have the intriguing possibility that the distinction between
theclassic essential fatty acidsand the so-called non-essential fatty acidsisnot
as clear asit once appeared to be. It may be argued that ‘ essentia fatty acid
deficiency’ signshave not been observedinrelation to the saturated fatty acids
but given the near impossibility of devising diets depleted of saturated fatty
acidsandthepotential for someendogenousbiosynthesis, thisisnot surprising.

More research is required into the ability of human tissuesto synthesize
saturated, monounsaturated and long-chain polyunsaturated fatty acids in
conditionsof high demand for these substances. With improved techniquesfor
the use of stable isotopes as tracers in human metabolism, this should be
feasible. It will be difficult and expensive but undoubtedly rewarding.
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Chapter 5

Dietary Fats in Relation to Weight Control

Some epidemiological studies reveal a statistically positive association
between the proportion of fat in the diet and the percentage of fat in the body.
High-fat diets are associated with appreciable short-termincreasesin energy
intake. The body may attempt to compensate by decreasing food intake but this
may be insufficient to overcome the effects of the high energy density of fat.
A fat calorie may indeed be more fattening than a carbohydrate calorie
because the body seems unable, in the short-term, to increase its oxidation of
fat in response to excessive intakes. Instead, the excessis put into stores that
are apparently limitless. In contrast, carbohydrate stores are limited and
intakes in excess of requirements are readily oxidized. In the longer term, fat
oxidation adjusts to maintain a balance between intake of fuels and their
oxidation, resulting in a new but higher stable weight.

Tailor-made triacylglycerols containing mixtures of long-chain fatty
acids that are relatively poorly digested and absorbed and short-chain and
medium-chainacidswithintrinsicallylower ener gy valuehaveametabolizable
energy value of 5 rather than 9 kcal/g.

Several compounds have been tested as non-digestibl e fat substitutes but
only one, a sucrose polyester, has performed adequately. The Procter &
Gamble sucrose polyester, olestra (Olean), has been given USFood & Drug
Administration (FDA) approval for limited food use. The ester bonds of
sucrose polyester are not digested by pancreatic lipase and so the fatty acids
are not absorbed and the substance has no energy value. Of major concernto
nutritionists has been the reduction in absorption of several fat-soluble
vitamins during the consumption of sucrose polyester, and olestra is fortified
with vitamins A, D, E and K. Neverthel ess some concern remains about the
effects on fat-soluble vitamin status of continued consumption of relatively
highlevel sof sucrosepolyester and theeffect onabsor ption of other fat-soluble
substances, such ascarotenoids, that may not befortified. Thereisno evidence
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that sucrose polyester can befermentedinthelargebowel and extensive safety
testing has not reveal ed significant problems, although some nutritionists till
have reservations about possible longer-term effects in man.

The prevalence of obesity appearsto be increasing in the UK and many
other industrialized countries, despite decreases or little change in total
energy intakes. Current advice about weight maintenance and weight lossis
to reduce the proportion of fat in the diet. The variety of low-fat alter natives
tomoretraditional foods hasincreased inrecent years. It seemsclear that the
use of lower fat foods can reduce fat intakes but not everyone who adoptsthis
cour se of action achieves reduced energy intake. Everyone replaces some fat
energy with carbohydrate; some make a full energy compensation, while
others do not fully compensate and therefore reduce energy intake.
The long-term influences on body weight need further evaluation in
free-living, as distinct from experimental, conditions.

Energy nutrients and body weight control

Problems with dietary fat

Some fat in the diet is almost inevitable. All biological tissues contain
lipidsto varying extents. Moreover, two fatty acids, linoleic and a-linolenic,
are essential in the diet (see Chapter 4) and without them we would die. The
amounts required are very small, however, and it is quite difficult to devise
natural dietsthat are deficient in essential fatty acids. Nevertheless, peoplein
industrial countries have developed ataste for relatively large amounts of fat
and there are many (e.g. see reference 1) who believe that we would be well
advised to reduce the amount considerably. Excessive amounts of dietary fat
have been associated with many ills, including cardiovascul ar disease, cancer,
diabetes, and obesity. Of these, the most obvious direct link might seem to be
between fat intakeand obesity because (i) fat hasweight-for-weight over twice
the energy of carbohydrates and (i) fat contributes to palatability and might,
therefore, be expected to encourage us to eat more food.

Many have argued that what mattersin regard to the potential for gaining
excessive weight is total energy intake, rather than whether the calories are
contributed by fat or carbohydrate. In other words, they have assumed that the
‘fattening potential’ of one calorie of fat that isexcessto requirementsisequal
to the fattening value of one calorie of carbohydrate. This view has been
challenged mainly by tworesearch groups, those of Tremblay and hiscolleagues
in Canada (2) and of Flatt and colleagues in the USA and Switzerland (3).
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Metabolic basis of body weight control

Beforewe can examinethe new concepts devel oped by theseresearchers,
it isimportant to understand the basics of how the body regulatesits size and
composition. The structure of the body relies mainly on proteins, the bone
minerals, and the structural lipids found in membranes. To maintain this
structure and sustain life, fuels, mainly glucose and the fatty acids of
triacylglycerols, haveto be burned to supply metabolic energy. Thesefuelsare
derived, ultimately, from the foods we eat but are held in storage as glycogen
(carbohydrate) and adipose tissue (lipid). The biochemistry involved in the
accretion of body tissues and fuel stores and the utilization of fuelsfrom these
storesto supply metabolicenergy iscollectively knownas' energy metabolism’.

Itisclear that the body weight of adults (evenif it isabovewhat might be
regarded as‘ideal’) remainsrel atively stable over long periods of time despite
considerable short-term fluctuations. The relative proportions of the major
body constituents, protein, carbohydrate and fat remain relatively constant
during these periods even though the food we eat every day may vary widely
in composition. It is apparent that there is a bal ance between the accretion of
body constituents and the oxidation of protein, carbohydrate and fat that acts
to correct any major perturbations from what the body regards as normal.

M etabolism adapts so that the disposal of protein, carbohydrate and fat
occurs at ratesthat, on average, correspond to their relative proportionsin the
diet. The correspondence is not exact because there is some conversion of
amino acidsand triacylglycerol-glycerol into glucose and some conversion of
carbohydrateinto fat, although the latter is not an important processin human
beings. Thereisacomplex interplay between the composition of the diet and
of the body stores that results in a minute to minute supply of circulating
substrates and hormones to regulate the composition of the fuel mix that is
oxidized.

Protein oxidation is efficiently controlled, responding precisely to the
amount of protein consumed in the diet, so that the deposition of structural
protein and the production and maintenance of key enzyme systems is
precisely regulated (Table5.1). Carbohydrates and fats are the main fuels
giving rise to the production of adenosine triphosphate (ATP), which is the
main energy-rich molecul e used by thebody to providethe power for synthetic
biochemical reactions. Most tissues, of which muscle is the principal user of
fuel, use both fats and carbohydrates as sources of energy. Thebrainisunique
innot being abletooxidizefat. Itreliesalmost entirely onglucoseasafuel. This
is the reason why the body maintains blood glucose concentrations within
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Table5.1. Principal conceptsunderlying theregulation of
body weight.

* Body energy stores are stable only when total energy intakeis
equivalent to total energy expenditure.

* Adjustment of protein oxidation to intake is effectively
achieved and indeed is afirst priority in the regulation of the
body’ s metabolism (8).

* The oxidation of carbohydrate must be attuned to intake
because the carbohydrate store (glycogen) is small and never
appears to expand (8).

* Fat oxidation cannot adapt quickly to excessive fat intakes.

*Inthelonger term, fat oxidation adapts to maintain
equilibrium between the mix of fuels consumed and their
oxidation, maintaining body fat stores at anew stablelevel.

¢ Individuals differ markedly in their ability to increase fat
oxidation in response to exercise.

* High-fat diets are associated with appreciable short term
increasesin energy intake.

narrow limitsand, so that thiscan be achieved, carbohydrate storesintheform
of the glucose polymer, glycogen, are a'so maintained within strict limits.

Onething is certain: the body cannot thwart the laws of thermodynamics
(Table5.1). Body energy stores can only remain stable when energy intakeis
equivalent to energy expenditure over an extended period. Energy intake is
equivalent to the sum of the energy contentsof the proteins, carbohydratesand
fats in the diet. Energy expenditure is more complex. A large proportion is
accounted for by the‘ basal metabolicrate’. Thisrepresentsthe heat generated
by all thebodily functionsthat continue even when weare asleep: thepumping
of the heart, the process of breathing and all the biochemical reactionsin all
tissues and organs. In our waking hours, each of us expends various amounts
of energy inphysical activity. After eachmeal, too, thereisanincrement in heat
production over and above the basal metabolic rate due to the metabolism of
thefoodsingested. Thisis known as diet-induced thermogenesis. During the
metabolism of food constituents, oxygen is consumed and carbon dioxide
generated. The ratio of the carbon dioxide produced to oxygen consumed is
called the respiratory quotient (RQ, Figure 5.1). Measurement of RQ givesa
good measure of the fuel mix being burned in the body at that time.
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RQ = carbon dioxide produced/oxygen consumed for each fuel
RQ, carbohydrate = 0.7

RQ, protein = 0.8

RQ, fat = 1.0

FQ = ([EI as protein/total EI] x RQ protein)

+ ([EI as lipid/total EI] x RQ lipid)
+ ([EI as carbohydrate/total EI] x RQ carbohydrate)

where EI = energy intake

Figure 5.1. The relationship between Respiratory Quotient (RQ) and
Food Quotient (FQ).

Some early concepts of how body weight is maintained

If indeed the weight of most people does remain stable for long periods,
then there must be some mechanism by which the body is able to adjust either
its intake of energy as food or its expenditure of energy by oxidizing the
componentsof that food, or both. Isthere some body constituent that has some
‘set point’ abovewhich adaptive mechanismscomeinto play so asto bring that
constituent back toitsset point?Which constituent?What arethe mechanisms?
When, as often occurs, weight increases and then settles down to a new set
point, what triggers this change and what determines the new set point?

Clearly, candidatesfor regul ated body components are the energy stores:
glycogen (small — about 1.5-2 kg) or fatin adi posetissue (large— potentially
two orders of magnitude larger than glycogen stores). One school of thought
held that the regul ation of energy intake was controlled by signals originating
from body fat stores, working through detectorsin the brain. Thiswas called
the lipostatic theory. When Tremblay and colleagues (4) induced fat loss in
obese subjects by means of increased physical activity, they found that there
was a point beyond which they could lose no further fat. This coincided with
an inability of their fat cells to increase the rate at which they hydrolysed
triacylglycerolscomparedwiththefat cellsof |ean subjects. Theseobservations
are consistent with some kind of ‘lipostatic’ control mechanism.

During the past decade, there has been an explosion of interest in a
substance called leptin. This protein, produced in the adipose tissue, appears
to beinvolved in some way in providing signalsto the part of thebrainthat is
involved in eating behaviour, about the state of thefat stores. It was discovered
that a strain of genetically obese mouse does not produce leptin and that this
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isindeed the main gene defect. When obese peopl e have been examined, it has
been found that they produce no less leptin than lean people and it is now
speculated that obesity may in part beacondition of ‘ leptininsensitivity’. This
means that, whereas the body produces enough leptin, it is unable to send the
appropriate signals, perhaps because of a defect in its receptor. This would
have parallels with non-insulin-dependent diabetes (maturity onset or type 2
diabetes) in which the body producesinsulin but the tissues are insensitive to
its action. Recent knowledge of leptin has been comprehensively
reviewed (5) and provides further support for a ‘lipostatic’ mechanism of
control of feeding behaviour.

Analternativeto thelipostatic theory isa‘glucostatic’ mechanism. Since
variations in glucose metabolism are known to affect food intake, another
school of thought proposed the presence of brain receptorsthat were sensitive
to differencesin glucose concentration between the venous and arterial blood
and stimulated according to the rate of glucose utilization. In support of
this idea, there is evidence that depriving cells of glucose increases
food intake and also that carbohydrate intakes are more stable than fat
intakes in human beings (6).

These ideas, developed in the 1950s and 60s, put emphasis on controls
over food intake. In the 1970s and 80s, the pendulum swung more towards
concepts that individuals who are prone to obesity would be characterized by
defectsin energy expenditure. These would favour a positive energy balance,
whereas individuals who remained lean could adapt their energy expenditure
according to fluctuationsin food intake or to changesin body stores. Although
such adaptive changes in energy expenditure have been well characterized in
animals, thereislittle evidence for their importance in man. The merits of the
recent concepts of Flatt and of Tremblay and others is that they strive to
integrate and unify concepts of control of food intake, carbohydrate and lipid
stores and substrate oxidation.

Relative values of fats and carbohydrates as fuels: is a fat
calorie more fattening than a carbohydrate calorie?

The basic concepts are summarized in Table 5.1 and newer concepts
described in detail below.

*Equivalence of total energy intake and expenditure is not sufficient in itself
to maintain energy balance. There must also be an equilibrium between the
intake and oxidation of each macronutrient: protein, carbohydrate and fat.
This follows from the characteristics of oxidation and storage of each
macronutrient as outlined below.
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*Asexplained earlier, therespiratory quotient (RQ) isused by physiologiststo
give information about the efficiency of utilization of different fuels
(macronutrients). Flatt (7) developed the concept of food quotient (FQ,
Figure 5.1) recognizing that we do not eat nutrientsbut real foods. FQreflects
the proportions of the fuels in the dietary mix and thus the macronutrient
composition of thediet. Since FQisrelated to RQ, foods of low FQ will have
arelatively high proportion of fat and those with high FQ arelatively low
proportion of fat. Flatt (7) found that weight maintenance in mice was only
possible when the composition of the fuel mix oxidized was equal, on
average, to the composition of the diet, i.e. when FQ = RQ.

*It is possible to define an individual’s ‘carbohydrate need’. The rate of
oxidation of carbohydrate is made to match carbohydrate intake
quickly enough to prevent excessive exhaustion or accumulation of
carbohydrate reserves.

*Thesameisnot true of fat oxidation. It appearsthat thereislittle or no ability
toincreasefat oxidation in responseto excessivefat intakesin the short-term
and since the fat stores are virtually unlimited, fat storage increases more
readily inresponseto excessiveconsumption of fat thanto carbohydrate. This
wasdemonstrated by Flatt and colleagues(8) who gavevolunteersexperimental
meal s with different proportions of fat and carbohydrate and measured rates
of protein, carbohydrateandfat oxidation by indirect cal orimetry (measurement
of oxygen consumed and carbon dioxide expired). The amounts of each fuel
oxidized were similar and rates of oxidation of fat and carbohydrate were
uninfluenced by the fat content of the meal. In thelonger term, fat oxidation
adapts so that the oxidation of the fuel mix is appropriate to the new body
composition, bringing about anew equilibrium between intake and oxidation
of fuels and resulting in a new, higher, stable weight (2,3).

*Physical activity may either increase or attenuate food intake in people
consuming high-fat diets, depending on eachindividual’ sinherited ability to
increase fat oxidation in response to exercise. This interesting observation
wasmade by Tremblay and colleagues (6) when they measured thevoluntary
consumption of various high-fat foods before and after a vigorous exercise
session and compared their subjects ability to oxidize fuels with those of a
control group that did not exercise. The mean RQ of the exercise group was
significantly reduced compared with that of the control group. This means
that therewasachangeinthefuel mix that they wereoxidizinginthedirection
of greater utilization of fat. Since there had been no significant changein the
ratio of fat to carbohydrate in the foods consumed, this must mean that the
exercise group were burning more of their own body fat. Although the
averageintakes of fat and carbohydrate ingested by the exercise group were
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not significantly different from those of the control (non-exercised) group,
therewerehugedifferencebetweenindividualsintheir responsesto exercise.
Thus, oneindividual decreased his energy intake by 540 kcal while another
increased his by about the same amount. There was a highly significant
correlation between the change in energy intake and the RQ; that is to say,
those subjects who decreased their energy intake were those who burned
most body fat. Important conclusions from these experiments are that:
(i) there is no short-term reduction in carbohydrate requirements when a
person has access to a high-fat diet, probably because of an inability of the
body rapidly to increase fat oxidation in response to an increase in fat
consumption; (ii) energy intake after exerciseisinfluenced by the degree to
which a person can adapt his or her metabolism to oxidize lipids, an ability
that may be genetically determined.

*High-fat diets are associated with appreciable short-term increasesin energy
intake. Tremblay et al. (6) showed that their experimental subjects, when
given foods with a high ratio of fat to carbohydrate, tended to consume
sufficient carbohydrate to fulfil the expected daily carbohydrate need (see
above). Thisled to anincreasein energy from fat. There was some tendency
for total foodintaketo bereduced (suggesting that somekind of compensation
mechanism wasat work) but, because of the high energy density of thefoods,
the body wasnot ablefully to compensate and energy intakeincreased. Some
epidemiological studies seem to confirm that there is a positive statistical
association between percent body fat and proportion of fat in the diet (6).

Conclusions

The answer to the question posed in the title: “Is a fat calorie more
fattening than a carbohydrate calorie?’ appears, from recent research, to be
"Yes'. The reasons are complex but the main cause is the body’ s inability to
increase fat oxidation rapidly in response to increases in fat consumption.
Instead, fat is put into stores, which are, to all intents and purposes, limitless.
By contrast, acertainlevel of daily carbohydrate oxidation seemsessential and
when intake exceeds this, the excess is readily oxidized. However, in the
longer term, fat oxidation adjuststo the higher body fat stores bringing intake
and oxidation into equilibrium and resulting in a new stable weight. These
concepts provide a more scientifically based rationale for advice to limit
dietary fat than do those concerned with hyperlipidaemias and heart disease.

Whereas a decade or so ago, the different views about the regulation of
body weight seemed to bein conflict, the various observations described here
can now beintegrated into amodel that goes some way to demonstrating how
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the body manages to maintain constancy of composition for relatively long
periods, despite large fluctuations in intake and in physical activity (2,3).

Fats and fattening: can we fool the system?

Can we have our fat and eat it?

In the preceding section, | discussed recent research suggesting that,
calorie for calorie, over-consumption of fat was more likely to lead to
overweight than over-consumption of carbohydrate. Fat has also been in the
firinglinefromthepoint of view of coronary heart disease and diabetes, aswell
asobesity, soit not surprising that the search for fatswith no energy value has
been hotting up. To paraphrase an old saying: canwe*haveour fat and eat it? .

Theliking for afat rich diet seemsto be deep seated, aconclusionthat is
supported by the observation that as a society getsricher, the proportion of its
food energy provided by fat increases. Moreover, onceit hasbecomethenorm
for fat to provide about 40% of food energy, it seems quite difficult to make
reductions, as witnessed in the UK over the past 20 years or so. Statistically,
averagefatintakesareassociated withthe prevalenceof obesity in populations.
It is not surprising that food scientists have explored, with some ingenuity,
ways for people to ‘have their fat and eat it’.

In the remainder of this chapter, | shall describe the search for food
componentsthat have all the textural and sensory properties of fat, yet do not
deliver as much useful energy to the body as real fat. First, | shall describe
reduced energy fats, that have about half the energy of normal fats. Then| shall
focus on ‘fat analogues : artificia or synthetic fats that are not substrates for
pancreaticlipaseandthereforeeffectively havezeroenergy. Finally, | shall ask
whether thesefat substitutesactually work: doestheir consumptionreally help
to decrease total fat and energy intake or is the system not that easily fooled?

Reduced energy fats

How might we devise digestible fats (thereby avoiding problems, real or
imagined, of having undigested fat in the gut), which have intrinsically lower
metabolizable energiesthan ‘ normal’ fats, contradicting the‘ golden rule’ that
all fats provide 9 kcal (38 kJ) per gram? It has long been recognized that the
shorter the chain length of afatty acid (and therefore, the lower its molecular
mass), thelower itsgrossenergy per gram. Palmiticacid (16:0) consistsof 75%
carbon, whereascarbon constitutes67%in capric acid (8:0) and 55%in butyric
(4:0) acid and the heats of combustion decrease accordingly.
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The metabolizable energy per gram aso decreases with diminishing
molecular mass since during the 3-oxidation of fatty acids, thefirst committed
step utilizesATPtoformthecoenzymeA thiolester. Thisconsumesmore ATP
per gram of short-chain than of long-chain fatty acids. Subsequently,
ATPyield from the oxidation of fatty acids mainly depends on the utilization
of NADH produced during p-oxidationin themitochondrial el ectrontransport
chain. LessNADH isproduced per gram of shorter-chain than of longer-chain
fatty acids, making afurther contribution to the smaller metabolizable energy
values of shorter chain length fatty acids. Furthermore, the contribution of
glycerol (with a metabolizable energy value of 4.3 kcal/g) to the
metabolizable energy of triacylglycerols becomes relatively more significant
as the proportion of short-chain fatty acids increases and the molecular mass
of the triacylglycerol decreases.

Thefirstsuchfatstoattractinterest werethemedium-chaintriacylglycerols
(9). These fats are fractionated from coconut oil and have a fatty acid
composition that mainly comprises caprylic (8:0) and capric (10:0) acids.
However, medium-chain triacylglycerols have not become widely used as
‘low caloriefats' . Their long-term effectiveness has never been scientifically
demonstrated; they are expensive and the melting point is rather too low for
many food applications. Their main application has been as components of
therapeutic diets for people who are unable to digest and absorb fat. The
principleisthat the medium-chain fatty acids are morerapidly hydrolysed by
lipases than long-chain fatty acids and are absorbed rapidly into the portal
blood and are delivered within minutes to the liver, where they are substrates
for oxidative metabolism.

It was logical, therefore, to think in terms of mixed acid triacylglycerols
containing short andlong-chainfatty acids. In 1991, Petersand colleagues(10)
described ‘ caprenin’, amixed acid glyceride of one long-chain acid (behenic
acid, 22:0) and two medium-chain acids (capric, 10:0, and caprylic, 8:0) and
inthree papers(11-13), published during 1994, another triacylglycerol having
similar attributes and named ‘salatrim’ was described. The authors have
cleverly combinedtheadvantagesof thereduced energy valueof theshort-chain
fatty acids with the poorer absorption of stearic acid (18:0) to produce a
triacylglycerol with significantly reduced energy vaue (5 kcal/g; 21 kJ/g)
compared with conventional fats (9 kcal/g; 38 kJ/g).

Animportant point emerging fromthestudy wasthat theactual absorption
of 18:0 decreased asthe proportion of 18:0to short-chain fatty acidsincreased
andwasalsolower when it wasesterifiedin positions 1 or 3thanin position 2.
In ahuman clinical trial in which 17 subjects received a diet containing 22%
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of energy from salatrim for 7 days, a metabolizable energy value of
salatrim of 4.9 kcal/g and absorption of stearic acid ranging from 63 to 70%
were reported (13).

Salatrim is produced by interesterifying triacylglycerols containing
short-chainfatty acids(egtributyrin) withlong-chain saturatedtriacylglycerols
(e.g. hydrogenated rapeseed ail). It is, therefore, simpleto produce by methods
that are standard in the fats and oils processing industry. This material hasthe
potentia to reduce substantially the energy value of foods into which it is
incorporated, while still retaining desirable textural properties. Whether it
turns out to be a useful aid to weight maintenance remains to be seen.

Its effectiveness will need to be examined over extended periods under
carefully controlled conditions. No one product is likely to be the answer to
simmers' prayers.

Non-digestible fats
Fat digestion

Dietary fat consists mainly of triacylglycerols (Figure 5.2a). Because
these moleculesare, for the most part, not absorbed in the small intestine, they
must first be partially digested. This is accomplished by the enzyme lipase
secreted from the pancreas. Unlike many enzymes, which catalyse the
biochemical transformation of molecules dispersed in aqueous solution,
pancreatic lipase is active upon the surface of large particles of emulsified
triacylglycerols. Theenzymecleavespreferentially thefatty acidsinpositions 1
and 3 of the triacylglycerols, so that the absorbed fat digestion products are
mainly fatty acids and 2-monoacylglycerols. Immediately prior to absorption,
thesedigestion productsare componentsof mixed micelles, whichalso contain
phosphoglycerides, lysophosphoglycerides, cholesterol, bile salts, fat-soluble
vitamins and other minor fat-soluble dietary components and some
undigested triacylglycerols (14). Thus, small quantities of triacylglycerols
may be absorbed intact.

It follows that synthetic molecules with fatty properties, but whose fatty
acid components were linked by chemical bonds that were not susceptible to
attack by pancreatic lipase, would not be absorbed to any great extent. Such
molecules would therefore not contribute usable energy to the body.

Early examplesof attemptsto fabricate non-digestiblefats (9) wereesters
of fatty acids and polyglycerol (Figureb5.2b) and so-caled ‘retrofats, in
which fatty alcohols were linked with citric acid (Figur e 5.2¢). For anumber
of reasons these compounds did not come into commercia use.
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Figure 5.2. Digestible and non-digestible fats. ‘R’ represents the hydrocarbon
chain of a long-chain fatty acid (a,b,d) or fatty alcohol (c). In a triacylglycerol
(a), glycerol hydroxyl groups are esterified with long-chain fatty acids. The
same types of bonds occur in polyglycerol esters (b). In retrofats (c), the ester
bonds are formed between long-chain fatty alcohols and the carboxylic acid
groups of citric acid. In the sucrose polyester olestra (d), between 6 and 8 of the
sucrose hydroxyl groups are esterified with long-chain fatty acids.
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The focus has been amost entirely on olestra (Figure 5.2d), a sucrose
polyester product of the Procter & Gamble company that hasrecently received
US FDA approval for food use (15). Thisapproval has come after 25 years of
testing in about 8000 people.

Properties of sucrose polyester

The backbone of olestra is sucrose, a disaccharide with 8 available
hydroxyl groups with which fatty acids can be esterified. A summary of its
chemistry, physical properties, method of preparation and safety aspects can
be found in the September/October 1992 issue of Lipid Technology (16) and
its nutritional properties have also been reviewed (17).

The physical properties of sucrose polyester can be tailored by changing
the number of fatty acids esterified in the molecule (the commercial product
normally is a mixture of hexa-, hepta- and octa-esters) and by changing the
ratio of saturated to unsaturated acids (16). Thus, liketriacylglycerols, olestra
has a high melting point when the proportion of saturated fatty acidsis high
and becomes progressively more liquid as the unsaturated fatty
acid content increases.

Of particular interest nutritional ly are: (i) theextent to whichthesubstance
is truly non-absorbed; (ii) any interactions with other nutrients in the gut;
(iii) potential for fermentation by bacteriain the colon; (iv) long-term toxicity
and (v) influence on spontaneous intake of energy from other components of
the diet.

Absorption

When olestra is labelled with a radioactive tag and given to rats, the
amount of radioactivelipidinthetissuesisextremely small indicating that less
than 0.001% is absorbed. There is some evidence, however, that molecular
specieswith fewer than six fatty acids may be absorbed to agreater extent than
thefully esterified molecule. Thismay account for an ‘ oily material’ found in
lymph nodes in some animal studies and needs further research.

Interactions with fat-soluble vitamins

Fat-soluble vitamins are consumed in milligram or microgram quantities
and require a certain amount of fat in the food to be efficiently absorbed.
They becomeincorporated into theoily core of the‘ mixed micelles’ during fat
absorption and are carried by the fat into the cells lining the small intestine
and are subsequently absorbed into the blood. It iswell recognized that olestra
reduces the absorption of the fat-soluble vitaminsA, D, E and K.
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The extent of the reduction depends on the conditions of the study but a
reductionsof 15-20% have not been uncommon and arecent study with human
subjects recorded a 17% reduction in absorption of (-carotene (18).
The manufacturers have recognized this fact and the product is fortified with
vitamins A, D, E and K.

Somenutritionistsarguethat fortification may not beanentirely satisfactory
solution for several reasons. Unlike the water-soluble vitamins, vitamins A
and D aretoxic above acertain level in the diet. It may not be asimple matter
to control intakes of these compounds as the range of fortified products
increases. Although at this stage limited useisenvisaged in the USA (savoury
snacks, crisps, tortilla chips and cheese puffs), it is likely, many argue, that
pressureswill increase to extend its use. Another argument isthat the range of
fat-sol uble micronutrients thought to have important health-giving properties
hasincreased considerably asnutritional knowledgehasexpanded. Fortification
with vitamins A, D, E, and K will not compensate for these other compounds
which include the carotenoids and tocotrienals.

Fate in the colon

It is now well known that carbohydrates that are undigested in the small
intestine travel to the colon where they are fermented by anaerobic
microorganisms, producing gases (hydrogen, methane, carbon dioxide),
short-chain fatty acids and other organic acids. This group of carbohydrates
includes lactose, various other disaccharides and sugar alcohols used as
sweetenersor bulking agentsand non-starch polysaccharidesotherwiseknown
as‘dietary fibre'. It could be envisaged that continual exposure of the colonic
microorganisms to undigested fatty substrates, such as sucrose polyester,
might result in some species ' learning’ to digest and ferment these substrates.

So far there has been no evidence for this. A recent study demonstrated
no significant effects of olestra on the concentration of hydrogen or methane
in the breath when healthy subjects consumed 24 g olestra daily for 36 days
(19). The olestra did not significantly alter the gut microflora, interfere with
normal fermentation of dietary fibre or adversely affect health in any sense.
Although of reasonably long duration for ahuman dietary study, 36 days may
neverthel ess be ashort timein terms of the adaptation required to ferment this
substrate and it will be interesting to see whether subsequent work detects
fermentative activity after extended periods of consumption of olestra or
similar compounds.

Itisinteresting that the above mentioned study found nointerferencewith
gut function in view of widely expressed concerns about a tendency to
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diarrhoea. Thisislikely to vary widely between individuals and some people
may adapt in thelonger term to the presence of undigested material inthe gut.

Long-term toxicity

During the 25 years that olestra has been tested, numerous studies have
failed to demonstrate significant toxic effects. Most, of course, have been the
routine type of laboratory animal tests and many argue that these do not
guarantee safety in human beings who consume unknown quantities over
decades. The animal tests may be appropriate, it is argued, for the food
additives to which we have become accustomed but olestrawill be consumed
on a scale that distinguishes it from *additives’ even if the range of foods in
which it is allowed to be used is limited.

Readers should be aware that the only food use approval so far isin
the USA. Other countries like the UK have not immediately followed.
Whether this is the result of normal inertia or whether nutritional and
toxicological concernsare greater outside the USA isunclear and thereaction
of the European authorities will be watched with interest.

Do fat substitutes work?

The problem of obesity

Thereisno question that obesity isamajor problem in the UK and many
other industrialized countriesnow. According tofigurespublished annually by
the UK Ministry of Agriculture, Fisheries & Food (MAFF) (20), total daily
energy intakes of British people have been falling slowly but steadily year by
year, whereas other surveys indicate that the prevalence of overweight and
obesity (assessed by measurement of the body mass index [BMI]) isrising.
BMI iscaculated by dividing weight in kilograms by the square of the height
in metres. The normal range istaken to be 20-25; overweight refersto aBMI
of 25-30 and obese to aBM I in excess of 30. The apparent paradox might be
explained if the fall in energy intake is an artefact of the methods used to
estimate it. MAFF data have been supplied for food consumed in the home;
food eaten out of the home may have compensated for reductionsin household
food consumption. The general view, however, isthat the energy expendedin
physical activity hasdeclined morethantheenergy consumed asfood: wehave
become a more sedentary society.

Dietary guidelines are aways prefaced with the exhortation to match
energy expenditure with energy intaketo avoid obesity. Mounting evidenceis
that calorie for calorie, fat is more fattening than carbohydrate (see earlier
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sections). Therefore, reduction of dietary fat intake as a means of losing or
mai ntai ning wei ght tends to have been emphasized in recent years. Oneresult,
asdescribed earlier, hasbeen anincreasing interest in either productsthat have
areduced fat content compared with conventional ones or substitute fats that
have intrinsically lower or even zero energy value.

Regulation of energy intake

It is assumed that routine replacement of conventional fat products with
reduced-fat versions will inevitably result in lower overall fat, and therefore
energy, intakesand thiswill certainly betrueinindividual meals. Inthelonger
term (days, months, years) it would not be true if the body detects what it
considerstobea'deficit’ initsnormal fat energy intake and adj usts subsegquent
intake so as to maintain total energy intake constant.

Research on physiological and metabolic factors controlling eating
behaviour has been based mainly on the principle that absorbed nutrients and
their metabolites are detected by a centre in the brain (the hypothalamus).
Thesemetabolic signalsare processed by the hypothalamus, whichthenrelays
to other parts of the brain messagesthat weinterpret ashunger or satiety (21).
A problem with a purely metabolic approach is that timeis needed for foods
to be digested and the nutrients absorbed and detected. How does the body
detect what is to be its last mouthful of food? Satiety is how known to be
conditioned by previous experiences of the satiating effects of different foods.
Thus cognitive factors (preconceptions or beliefs about a food) play an
important role in determining food intake: an important point when we
consider theextent to which wearebombarded by different messagesabout the
fat content of foods.

Satiety isalso related to the sensory qualitiesof thefood. Wemay become
satiated to sausages but can still tackle some ice cream! Thus novelty and
variety in food makes it more difficult for the body to regulate intake.
Timescale is aso important. There may be an immediate impact of a sensory
stimulus on energy intake during the same day, yet experiments have shown
that in many people, complete responsiveness to sensory cues may need
several daystobecomefully effective. Therelativeamountsof themain energy
yielding nutrients a so determine the degree of satiety and how long it takesto
develop. It is common to be told that, contrary to expectation, fat is the least
satiating of the macronutrients but it has been demonstrated quite clearly that
the satiety effect depends on the quantity of fat consumed earlier in the day.
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A matter of ‘compensation’?

The question then is: if we are accustomed to acertain daily intake of fat
andthenbegintoreduceit, doesthebody detect the* deficit’ and subconsciously
adjust fat (or total energy) intake over a longer period of time? This
phenomenon isreferred to as compensation. Asyou might expect, the answer
to thisquestion is ‘yes and no’!

Experimentsto investigate compensation (22) usually take the following
form. Subjectsparticipating in theexperiment aregivenasmall meal of known
nutritional composition, usually but not always, at mid-morning. Inthejargon
of thetrade, thisiscalleda’ pre-load’ . The proportionsof fat, carbohydrate and
protein in the pre-load can be adjusted. Depending on the aim of the study,
subjects may either be aware or unaware of whether it is a ‘high-fat’ or
‘low-fat’ meal. Inthelatter case, acertain amount of ingenuity isneeded by the
experimenters to disguise the meal composition. Before consuming the
pre-load, subjects complete a standardized questionnaire in which they rate
their feelingsof hunger and they compl eteanother immediately after eating the
pre-load. Then follows an interval of time which can be varied considerably
before the next meal. Subjects are told that they can eat as much or aslittle as
they wish from a selection of foods offered. Again, they complete a
guestionnaire about hunger, fullness and so on, before and after the meal.
Thus, the pre-load is a predetermined and obligatory meal, whereas the
later meal is free-choice. The idea is to measure the extent to which the
composition of the ‘pre-load’ has affected the quantity and type of foods and
nutrients freely selected at a later time.

An overview of all the studies of this kind (23) published to
date reveals that:

« reducing the proportion of fat in the diet is usually accompanied by an
immediate decrease in energy intake followed later by adaptation that tends
towards restoring the original energy intake;

« in some studies adaptation has been complete, in others far from compl ete;
and

* inmost studies, therehasbeen anet decreaseinfat but netincreasesinprotein
and carbohydrate intakes.

Theextent towhichthe'fat deficit’ isreplaced by carbohydrateto restore
energy intake completely depends on a number of factors, not least the
previous history of the subjects and the type of people they are. In one study
(24), agroup of young or early middle age men who were unconcerned about
their body weight and what they ate, accurately compensated for theenergy in
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the pre-loads regardless of their nutrient composition. However, men who
maintained normal weight but were constantly concerned about eating and
body weight, did not show such precise energy compensation. (In the jargon
of the trade, people who are unconcerned about eating and body weight are
called ‘unrestrained eaters’ asdistinct from‘restrained eaters'). Thesamelack
of precisionin compensating for changesin energy density of foods appliedto
womenwhether they wererestrained or unrestrained, normal weight, or obese.

Another study by the same research group (25) tested the hypothesis that
the perceived fat content of the pre-load would influence subsequent food and
energy intake, irrespectiveof itsactual fat content. Twenty-four normal weight
restrained women and the same number of unrestrained women were given
yoghurt pre-loads followed by a free-choice meal 4.5 hours later. Half the
subjectsreceived accurate information (on alabel) about the fat content of the
yoghurt (which did not necessarily correspond to the energy content); the
remainder received no information. Women who were given information on
food labels consumed more energy in the free-choice meal after eating a pre-
load labelled ‘low-fat’ than after eating one with asimilar energy content but
labelled *high-fat’. The opposite response was observed in women given no
information. Thus, messages about the fat content of a food can markedly
influence subsequent energy intakes.

There have been several studies on the extent to which compenszation
occurs after consuming olestra, which has no energy value. In severa studies
(23) substitution of conventional fat by olestrain single meals resulted in a
significant reduction in the day’s energy derived from fat with a reciprocal
increasein carbohydrateintake, without affecting theday’ stotal energy intake
or feelings of hunger and fullness. In others, the compensation was far from
complete, with the result that total fat and energy intakes were reduced.

In conclusion, the use of reduced fat foods, including those that contain
calorie-free fat substitutes, usually resultsin lower daily fat intakes and may
or may not result in overall energy reduction. Individuals‘ compensate’ for the
reductioninfat by consuming morecarbohydrateto different extentsdepending
on their previous history and personality. Whileit has been well demonstrated
that diets composed of afree choice of low-fat foods|ead to significant weight
loss under controlled experimental conditions, the long-term effectiveness of
such dietsin ‘real life’ isfar from clear. Thisreview (and indeed most studies
on low-fat foods) has considered only energy intake and neglected energy
expenditure, changesinwhich may also affect long-term weight mai ntenance.
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Chapter 6

Lipids in Foods and Raw Materials

This chapter discusses the attributes of the lipids in meats, milk, infant
feeds and in the oil palm. Specific properties of the short-chain and
medium-chain fatty acids, ‘conjugated linoleic acid’ and plant sterols
are also described.

Meat lipidsare present in the phospholi pi ds of the membr anes of the meat
tissue (structural lipids) and in the storagefat (adiposetissue) associated with
the meat. Some storage fat is located within the muscle tissue (marbling).
Thestructural lipidsrepresent a small proportion of total lipid but contribute
a large proportion of meat polyunsaturated fatty acids. They contribute
significant intakes of arachidonic acid for people who eat meat. The storage
fatsare generally present in larger amounts but have a higher proportion of
saturated and monounsatur ated fatty acids. Whereasmeat isnot i ndispensable
inthediet, it does contribute significant amounts of several essential minerals,
(particularly iron and zinc) and vitamins (particularly B ,). If people elect to
reduce meat intake to lower-fat consumption, care needs to be taken to
maintain a balanced diet.

In dietary recommendationsto reduce intakes of total fat, and especially
saturated fatty acids, milk and milk productsare often cited asfoodsto reduce,
to avoid, or to take as |low-fat varieties. However, whereas milk fat itself has
a cholesterol-raising effect, full-fat milk products do not. Concern about
blood cholesterol is not a reason to avoid whole milk products. The
evidence is discussed.

Thefatty acid composition of food fatsisfrequently regarded assomekind
of ‘index of healthiness'. Such a simplistic approach ignores the enormous
complexity of food fats. Milk fat provides a good example of a food fat whose
minor components are increasingly subjects of intensive research. Aswell as
several types of fatty acids, this section reviews current research into the
properties of phospholipids present in the milk fat globule membrane and of
some of their degradation products.
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Conjugated linoleic acid (CLA) isthetermgiven to a mixture of cis/trans
isomers of linoleic acid. The highest concentrations are found in milk fat and
other products containing milk fat, followed by ruminant meats. One of the
components of CLA, cis-9,trans-11-18: 2 isan anti-cancer agent inlaboratory
animalsand in cell cultures. The mechanism by which CLA inhibits cancer is
unknown. Research in the next few yearsislikely to discover this mechanism
and may pavetheway for theapplicationof CLAincancer therapy. Preliminary
observations suggest that CLA reduces blood cholesteral in rabbits given a
high-fat diet and may even reducethe progression of atherosclerosisbut these
results need confirmation. The active anti-cancer compound is the most
abundant component of CLAindairy products. With further intensiveresearch,
full-fat dairy foods may yet become ‘functional foods'.

Thelipid composition of human breast milkisgenerally takenas* thegold
standard’ when designing commer cial infant formulas. However, determining
the appropriatelipid composition of a formulais not straightforward because
the composition of human milk changes during a lactation, during a day, and
even during a single feed. Moreover it varieswith the mother’ sdiet. Thefatin
cow's milk, traditionally the basis for infant formulas in industrialized
countries, has a less than ideal composition for human babies. At first,
emphasis was placed on the linoleic content of the formula. More recently,
issues such asthelinoleic/ a-linolenic acid ratio and theratio of C ; essential
fatty acids to long-chain C,; and C,, polyunsaturates have become more
important. The appropriate inclusions of cholesterol and the fat-soluble
micronutrients are still debated.

The short and medium-chain fatty acids (SMICFA) that are present in
significant quantitiesin dietary fatsare saturated acidswith chain lengthsless
than C_,. Inthe general enthusiasmto label saturated fatty acids astoxic, itis
oftenforgotten, or not realized, that the short and medium-chain fatty acidsdo
not raise plasma cholesterol and are not deposited in significant amountsin
adiposetissue. Thisis partly because they are absorbed rapidly asfree acids
into the blood vessels feeding the liver and are immediately metabolized.
They have applications in diets for people unable to absorb long-chain fatty
acids and there would be merit in investigating other applications and
other sources of supply.

In a sustained campaign against ‘tropical oils' inthe USA, palm ail has
been grouped with thelauric oils palm kernel and coconut and categorized as
a ‘cholesterol-raising saturated fat’. The truth is quite otherwise and the
evidence is discussed in this section.
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Plant sterols may contribute nearly as much as cholesteral to sterol
intakes of people eating mixed dietsand even moreto those of vegetariansand
vegans. They are not themselves absorbed but inhibit the absorption of
cholesterol. There is some evidence that naturally occurring plant sterols
reduce blood cholesterol to a small degree. Stostanol, the product formed by
the chemical reduction of sitosterol causes a much larger reduction in blood
cholesterol, however. A 1995 study demonstrated a 10%reductioninchol esterol
in 102 Finnish people with mild hyper cholesterolaemia when sitostanol was
consumed regularly as a component of a margarine. The amounts required
weremuch larger than the normal daily consumption of natural plant sterols.

Meat lipids

Meat in the diet

Inthe UK today, meat provides about 14% of energy, 23% of fat and 18%
of iron intakes. Meat currently supplies 9% of dietary saturates and 2.5% of
polyunsaturates (1). Because of its relatively high contribution to fat intakes
and its perceived high content of saturated fatty acids, meat has sometimes
been singled out as a food whose consumption might need to be reduced.
As aways this smplistic approach to nutrition has its pitfalls since the
perceived benefits may be offset by other less favourable nutritional changes.
It istherefore worthwhile examining the contribution of lipids by meat to the
dietinalittlemoredetail. | havelimited therange of meatsto bediscussed here
tothosegenerally consumed intheindustrialized countriesof western Europe,
mainly the muscle meats from ruminants (cow, sheep, goat) and
monogastric animals (pigs, poultry, game) with brief consideration of offal
meats (liver, kidney, brain etc).

Types of lipids in meat

Two distinct types of lipids can be identified in meat depending on their
location. The muscle tissue that is the main component of meat is richly
endowed with membranes whose principal lipids are phosphoglycerides and
cholesterol. These will be called ‘structural fats'. The phosphoglycerides
contain a limited range of fatty acids in which polyunsaturated acids of the
n—6 family predominate (Table 6.1). Because biological membranes operate
optimally withinalimited range of ‘fluidity’ and becausefluidity isin part, but
not wholly, influenced by fatty acid composition, thelatter is conservative and
not extensively influenced by diet or other environmental factors. Some

Copyright © 1999, 2009 PJ Barnes & Associates



184 LippsIN NUTRITION AND HEALTH: A REAPPRAISAL

Table 6.1. Fatty acid composition of the structural lipids of several meats
(9/100 g total fatty acids).

Fatty acid Beef Lamb Chicken Pig

A B C D E F G
16:0 16 14 22 22 23 25 19
16:1 2 2 2 1 6 3 2
18:0 11 14 13 18 12 17 12
18:1n-9 20 5 30 28 33 26 19
18:2n-6 26 47 18 1 18 15 26
18:3n—3 1 1 4 0 1 1 0
20:4n—6 13 11 7 4 6 6 8
20:5n-3 tr tr tr 1 tr tr tr
22:5n-3 tr tr tr 3 tr tr tr
22:6n-3 tr tr tr 10 tr 5 tr
Others 11 6 4 12 1 1 14

Adapted from Table 3.7 in Gurr, M.1., Role of Fats in Food and Nutrition (2nd edn),
Elsevier, London, 1992. A, muscle, cattle given low-fat diet; B, muscle, cattle given
‘protected’ safflower oil diet; C, muscle; D, brain; E, muscle; F, liver; tr = trace.
Others: generally the sum of a large number of minor components each present at low
concentration; in the ruminant lipids, these will include numerous odd-chain and
branched-chain components, aswell as cisand trans positional isomers. In pig liver, these
probably include several long-chain polyunsaturated components.

changes in fatty acid composition can be brought about by dietary fat
modification but such dietary changes need to be very substantial (Table 6.1).

Muscle meats may be associated with variable amounts of adiposetissue
depending on the degree of fatness of the animal and on the way the meat was
butchered. Thefatty acid composition of these‘ storage’ fatsisgenerally quite
different from that of the ‘structura’ fats, being richer in saturated and
monounsaturated fatty acids with relatively small concentrations of
polyunsaturated fatty acids (Table 6.2). The latter statement needs to be
qualified when discussing monogastric animals, whose adipose tissue fatty
acid composition, unlike ruminants, responds markedly to diet (Table 6.2).
Thus, pigsor poultry givendietsrichinlinole cacid contain high concentrations
of thisfatty acid in their adipose tissue. The sameistrue of certain other fatty
acids including the trans unsaturated fatty acids. Monogastric animals given
dietsrich in hydrogenated fats contain a high proportion of trans unsaturated
fatty acidsin their storage lipids.
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Table 6.2. Fatty acid composition of the storage lipids of several meats
(g/100 g total fatty acids).

Fatty acid Pig (lard) Poultry Beef (suet) Lamb
A B C D E F G H |
14.0 1 1 1 1 1 3 3 3 4
16:0 29 21 21 27 22 26 20 21 19
16:1 3 3 4 9 5 5 4 9 6
18.0 15 12 17 7 6 8 10 20 16
18:1 43 46 54 45 27 45 33 41 37
18:2 9 16 3 11 35 2 23 5 12
Others 0 1 o 0 O 4 7 6 6

Adapted from Table 3.2 in Gurr, M.1., Role of Fats in Food and Nutrition (2nd edn),
Elsevier, London, 1992. A, pigsgiven low-fat cereal-based diet; B, pigs given high-fat diet
containing soybean oil; C, pigsgiven high-fat diet containing beef tallow; D, poultry given
low-fat cereal-based diet; E, poultry given high-fat diet containing soybean oil; F, cattle
given diet based on hay; G, cattle given diet containing ‘ protected’ safflower oil; H, lambs
given cereal-based concentratediet; |, lambsgivendiet containing ‘ protected’ safflower oil.

Storage fat is often found within muscle tissue as aresult of ‘marbling’.
Its fatty acid composition resembles that of the adipose tissue. Therefore the
fatty acid composition provided by muscle meat will depend on the extent of
marbling. Inadvertentinclusion of marbling fat with musclewhen samplingfor
analysiswill tend to give amisleading view of the structural fat composition,
diluting the proportion of polyunsaturated fatty acids (2).

Offal meats, which are rich in membranes, contribute to intakes of
‘structurd lipids' (Table 6.1) but the overall contribution will clearly depend
on the amounts of adipose tissue associated with them.

Meat as a source of long-chain polyunsaturates

The two primary essential fatty acids, linoleic (n—6) and «-linolenic
(n=3) acids are normally supplied by plant foods and meat is usually thought
of as merely adding to the intake of saturates and monounsaturates. Meat is
about the only significant source of arachidonic acid (n—6) aswell assupplying
small quantities of linoleic acid. In the UK, meat may supply up to about 1 g
arachidonicaciddaily. Strictly, arachidonic acidisnot essential if itisassumed
that human tissues have adequate capacity to desaturate and chain elongate
dietary linoleic acid (see Chapter 4). However, there is evidence that some
individualsmay either have limited ability to convert linoleicinto arachidonic
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acid or the conversion occurs only very slowly. For such people, arachidonic
acid may be a‘ conditionally essential fatty acid’ and mesat will supply useful
quantitiesin the diet. It is of interest to note that for obligate carnivores such
as cats, arachidonic acid is a ‘true’ essential fatty acid since these animals
totally lack the 6-desaturase.

Muscle meat aso supplies very small quantities of n—3 polyunsaturates
but those people who like to consume offal, including brains, will receive
significant quantities of the long-chain n—3 polyunsaturated fatty acids
eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids.

Lean meat, because of its relatively high proportion of polyunsaturated
fatty acids, can make a useful contribution to diets aimed at reducing plasma
lipid concentrations (3).

Modification of meat lipid composition

Increasing the unsaturated fatty acid content of pig and poultry feeds
resultsinincreased level sof theseacidsin storagefat (Table 6.2). Thereislittle
influence on structural fats with normal feeding regimens, although inclusion
of fish oils can increase the ratio of n-3/n—6 polyunsaturated fatty acids
compared with what is normally found (2). The motivation for effecting this
type of change would be to increase the range of meat products with a higher
unsaturated/saturated fatty acid ratio, which might be regarded by some as
‘healthier’. However, as the fat texture becomes softer, the eating quality
becomes|ess desirabl e to the consumer and the shelf-life may also be reduced
appreciably due to oxidative rancidity (2,4). Similar problems occurred with
soft backfat produced by giving pigsdietsenriched with copper. Themechanism
may be stimulation of the 9-desaturase by copper or influenceson thestructure
of triacylglycerolsin the subcutaneous adi posetissue (2). Such manipulations,
therefore, have to be undertaken with care.

Increasing the polyunsaturated fatty acid content of ruminant meats is
more difficult because of the extensive degree of biohydrogenation of dietary
fatty acids by rumen microorganisms. Giving ‘protected’ vegetable oils to
cattle increases the linoleic acid content of the milk, the storage fat and even
to some extent the muscle (5) (Tables6.1, 6.2). The principle is that fat
globules protected by a coat of protein, that has been cross-linked by
formal dehyde treatment, escape hydrogenation in the neutral pH of the rumen
but become available for digestion and absorption after passing through the
acid pH of the abomasum. Such products have not become established in the
market place mainly because of short shelf-life of products due to
oxidative rancidity.

Copyright © 1999, 2009 PJ Barnes & Associates



6. LippsIN Foobs AND Raw MATERIALS 187

Giving high-fat diets in which the fat is not protected aso results in
significant although less substantial changesin fatty acid composition. Thisis
because large quantities of fat in the rumen inhibit biohydrogenation and the
result is an increase mainly in oleic, rather than linoleic acid, which is less
susceptible to oxidative deterioration.

Another type of modification of meat fat has been the reduction of
cholesterol content by treatment with enzymes, or extractionwith cyclodextrins
or supercritical carbon dioxide (6). In this reviewer’'s opinion, such
manipulations are unnecessary and scientifically unjustified in view of the
minimal effects of dietary cholesterol on blood cholesterol (7).

Meat lipids are also modified by cooking. Although lengthy heating at
high temperatures may tend to reduce the polyunsaturates which are more
susceptible to oxidation, many controlled studies have found that the
polyunsaturated to saturated fatty acid ratio actually increases after cooking.
Thismay be because the more vulnerabl e polyunsaturates are protected in the
membranes of the lean tissue, whereas the storage triacylglycerols,
containing relatively more of the saturates may melt and run off when
cooking lean mezt (2).

Minor lipid components in meat

Meat fat suppliesall thefat solublevitamins A, D, Eand K but only liver
supplies one of these, vitamin A, in substantial quantity to make a significant
contribution to daily intakes. Recent research has focused on conjugated
linoleic acid (CLA), present mainly in foods of ruminant origin, as providing
potential protection against cancer (see later section). Of particular relevance
tothemeat industry isitsability to prevent growth suppression associated with
immune stimulation in growing chicks, to improve growth efficiency and to
increase lean/fat ratio (8). If these results are confirmed, this compound may
yet find application in the animal feeds industry and the human sports or
slimming industries. A more detailed discussion of the propertiesof CLA will
be found in alater section.

Consequences of meat reduction

Human beings have evolved to be able to survive on a wide range of
different foods. No onefood, or evenfood group, isindispensable. Itisclearly
feasibleto survivewithout meat and to obtai n thenutrientswhich meat supplies
in abundance, such as protein, iron, zinc and vitamin B, ,, from other foods.
Nevertheless, if mesat isto be omitted from the diet, then care needsto betaken
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to ensurethat thediet containssufficient variety to beableto cover thenutrients
that would have been supplied by meat. Thisisespecially important in people
who are particularly susceptible to anaemia.

Severa epidemiological studies have implicated meat consumption asa
risk factor for some forms of cancer and coronary heart disease. It has
frequently been assumed that thefat component of meat isthemain contributor
to theincreased risk. However, the contribution of other constituents of meat
(for example heterocyclic compounds generated during cooking) have aso
been discussed. Thisis having its effect (together with other worries such as
bovinespongiform encephal opathy, BSE) on public attitudesto meat and meat
fat. Inthissection| havetried toindicatethat meat fat haspositivecontributions
toplay inthediet and in health and that avoi dance of meat for ‘ health’ reasons
is not based on sound science.

Lipids of milk

Worries about milk fat

Concerns about the amount and type of fat in the diet are widespread and
may relate to associations of high-fat diets with obesity or of saturated fatty
acids with risk of coronary heart disease or both. Because people need to
tranglate nutrients like ‘fat’ and ‘saturated fatty acids' into foods, there has
been atendency to earmark certain foods as ‘fatty’ or ‘rich in saturates’ and
milk and dairy products have frequently been given this label. Such
over-smplifications are readily taken up by the media, from which many
people derive their nutritional knowledge and attitudes (9) but have been
reinforced and given scientific credibility by well-respected reports such as
that of the UK Department of Health COM A Panel on Diet and Cardiovascular
Diseasewhich specificaly referred tothefat content of milk, cheeseand cream
(10). These products have acquired animage of ‘highin fat and saturated fatty
acids' and ‘cholesterol-raising’.

Milk fat and plasma cholesterol

Surprisingly few studieshaveinvestigated the chol esterol aemic effects of
milk fat or butter fat specifically. Much of the work that gave rise to current
understanding of the hyperchol esterolaemic effectsof saturated fatty acidsand
the hypocholesterolaemic effects of polyunsaturated fatty acids (now known
to be grossly over-simplified) was done by Ancel Keys and his colleaguesin
thelate 1950s (see Chapter 1). It involved painstaking studieswith men under
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carefully controlled conditionsin metabolic units, inwhichthey received diets
containing fat between 10 and 40% of energy provided by corn, soybean,
sunflower seed, rapeseed, safflower, cottonseed, coconut, olive, pilchard and
menhaden oils and butter fat. A diet containing 38% of energy as fat, all of
which was butterfat (P/S = 0.12) showed an increase of plasma cholesterol of
1% comparedwithacontrol dietwiththesamefatlevel (P/S = 0.18) formulated
to resemble a‘typical American diet’. By contrast, diets containing asimilar
level of cottonseed, sunflower or safflower (P/S = 1.23) lowered cholesterol
by about 13% as did diets containing 11% of their energy asfat (P/S = 0.27).
Severa other studies gave similar results, albeit with rather larger increases
due to butter fat (reviewed in 11).

A study carried out under more ‘domestic’ as distinct from ‘laboratory’
conditions also achieved similar results (12). These authors replaced much of
thefat (mainly oliveoil) inatypical southernItalian diet with butter, creamand
meet fat. They observed a14%risein plasmatotal cholesterol in both menand
women. In men this was largely due to a rise in low-density lipoprotein
cholesterol (LDL-cholesterol) but in women, the high-density lipoprotein
cholesterol (HDL -cholesterol) a sorosesignificantly, whichmight beinterpreted
asabeneficia effect. Unfortunately, the authors allowed both the type of fat
and the amount to change. Therefore, one cannot be certain whether the rise
in cholesterol was due specifically to the contribution of dairy fat or to arise
in the total amount of fat.

From these studies, there seemslittle doubt that consumption of milk fat
results, on average, inarisein plasmatotal cholesterol when it replaces more
unsaturated fats in the diet under controlled conditions. However, these
average values obscure the fact the individuals may sometimes respond with
afall in blood cholesterol (see Chapter 1).

Skimmed or whole milk and plasma cholesterol

Interest intheinfluence of milk, asdistinct from milk fat, probably began
with the observations of Mann and his colleaguesin 1977 that the Masai tribe
of East Africaapparently consumedlargequantitiesof milk (mainly fermented)
and other animal products, yet maintained a very low plasma cholesterol.
Howard and Marks compared two groups of human subjects given four pints
of milk daily for three weeks, one given whole milk, the other skimmed milk.
Thereweresignificant fallsin plasmacholesterol in both groups, rather larger
for skimmed milk (10%) than whole milk (5%) as compared with arise (17%)
in agroup receiving an equivalent amount of butter fat alone as asupplement.
Oneother study showed asimilar significant fall in cholesterol dueto skimmed
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milk and three others (including the one that was best designed, controlled and
conducted) found no effect. One other study found asmall but significant fall
due to whole milk and four studies found no difference. Many of the studies
were poorly controlled but none of the studies conducted either with
skimmed or whole milk showed any indication of a rise in plasma
cholesterol (reviewed in 13).

The conclusion from the available evidenceisthat theinclusion of whole
milk in diets does not have a cholesterol raising effect, despite its content of
potentialy hypercholesterolaemic fat. Skimmed milk may have a dlight
hypochol esterolaemic effect.

Cultured and culture-containing products

Mann’ swork with the Masai and then with American studentsled himto
propose that yogurt specifically contained a ‘factor’ that resulted in blood
cholesterol lowering. Subsequently his own experiments with rats and the
resultsof three other studies(reviewed in 13) indicated that the effect of yogurt
was no different from that of skimmed milk. None of the experiments was
entirely satisfactory and some were so bad that sensible conclusions are not
possible. Yet, thereisacertain consistency to the results that suggests that, at
best, yogurt may be mildly hypochol esterolaemic. Some research, published
since my 1989 review (13) suggested that there was significant cholesterol
lowering when the cultured product was fermented with specific strains of
Enterococcus faecium and Streptococcus thermophilus (14) but the authors
were unableto confirmthisinthelonger term (15). Perhaps moreimportantly,
thereisnothing in any study to suggest that theinclusion of cultured products
in the diet, even those containing milk fat, raises plasmatotal cholesterol or
LDL-cholesterol. Various claimsfor an el evation of HDL-cholesterol, which
may be beneficial, need further investigation and verification.

Culture-containing milk products are those in which live organisms have
been added to the milk but not allowed to ferment. It iswell documented that
certain of the gut microfloracan metabolize cholesterol and aso influenceits
metabolism in the body. Canadian researchers gave formulas containing
Lactobacillus acidophilusto newborn babiesand found that blood cholesterol
had dropped significantly by the eighth day of feeding (reviewed in 13). The
same effects were seen in babies given bicarbonate implying that any change
leadingtoincreased col onization of Lactobacilli, whether ingestion of organisms
or manipulation of gastrointestinal pH, can modify cholesterol metabolism.
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Gilliland (16) hasscreened strainsof Lactobacillusacidophilusfromboth
pig and human gut for ability to assimilate cholesterol from the culture
medium. Only those pig strainsthat were able to assimilate cholesterol caused
alowering of cholesterol when given asadietary supplement to pigs. Similar
human experiments have not yet been reported.

In summary, very limited evidence suggests that ingestion of certain
strains of L. acidophilus added to milks in the form of ‘culture-containing
products’ may lead to small reductionsin plasma cholesterol. The effectsare
observableonly with strainsthat areableto surviveinthegut and to metabolize
cholesterol. Failure to demonstrate effects with some culture-containing
productsand, indeed, somecultured productsmay bedueto useof inappropriate
strains, but this point remains to be firmly established.

Is there a cholesterol-lowering ‘factor’ in milk?

Gibney and Burstyn (17) argued that therel atively low plasmachol esterol
concentration of theMasai wasquitelikely tobeduetotheir low overall energy
intake coupled with an inherited capacity to regulate plasma cholesterol
particularly precisely. Others have suggested that changesin blood chol esterol
they observed during their experiments could be explained by concomitant
changes in intakes of total fat and cholesterol (11). However, the data in the
experimentsin question are so poor as compl etely to preclude any conclusion
on this point. Howard has argued that there must be a ‘factor’ in the non-fat
portion of milk which counteracts, and even overrides, the effect of thefat, but
that it is not specific to fermented milk (reviewed in 13). Calcium, lactose,
oroticacid, hydroxymethylglutarate and other substances have been suggested
but with little evidence for any of them. The Gilliland school of thought (16)
arguesfor an effect dueto specific strainsof cultureorganisms. Thiswould not,
however, explain the hypochol esterolaemic or at |east cholesterostatic effects
of non-fermented milk in most experiments nor the experiments in which
pasteurization of yoghurt (and thus destruction of the metabolic
activitiesof the organisms) did not abolish the cholesterol-lowering activity of
the yogurt (reviewed in 13).

Despite some rather poor research on this topic, there seems little doubt
that there is a mysterious phenomenon that requires explanation by further
research. The whole saga illustrates the folly of assuming, because a food
contains afat component that in itself raises blood cholesterol, that the food
taken in the context of a normal mixed diet will necessarily result in a high
blood cholesterol concentration.
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Biological properties of some cow’s milk fat components

Fat contributesenergy, essential fatty acidsand fat-sol ublemicronutrients
tothediet. It aso improves flavour perception and imparts a pleasing texture
to foods, thereby improving paatability. Many have attributed the high
prevalenceof coronary heart diseasein industrialized countriesto high intakes
of saturated fatty acids(18). Becauseof itshigh proportion of saturated and low
proportion of polyunsaturated fatty acids, milk fat has acquired an adverse
imageinhealthterms. Thishasoccurred despitetheavailability and popul arity
of low-fat dairy products. Nevertheless, much research is in progress that
reveals some interesting and potentially beneficial biological properties of
other milk fat components. Much of thisresearchisstill initsearly stagesand
this article will assess recent progress (Table 6.3).

Flavour components

Milk fat contains componentsthat contributeto its characteristic flavour,
that has not been satisfactorily reproduced artificialy, and to other sensory
properties (19). This is a subject in its own right and will not be
considered further here.

Long-chain saturated fatty acids

Long-chain saturated fatty acids are normally thought of as merely
contributing to rai sed blood chol esterol and thereforeto beavoided. Itisworth
remembering that saturated faity acids are major components of the
phospholipids of cell membranes (20) accounting for between 15 and 50% of
membrane fatty acids. The phospholipids of lung surfactant are entirely
esterified with palmitic acid, without which the lungs would collapse. As a
class, long-chain saturated fatty acidsare not essential in the diet because they
can be madeinthe body. However, it isnow generally accepted that fatty acid
biosynthesis proceeds at avery low rate in human beings even when the diet
contains little fat. Saturated fatty acids can certainly be regarded as essential
components of membranes and it could be that under certain conditions, they
are conditionally essentia nutrients (see Chapter 4).

Short-chain fatty acids

Butyric and caproic acids are unique to milk fat. About one-third of milk
fat triacylglycerolscontain one butyric acid molecule (21). Butyric acid isnow
recognized as playing a role in the regulation of cellular metabolism as
described in more detail in alater section.
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Table 6.3. Some milk fat components of special biological interest.

Short-chain fatty acids

* Regulation of colonic cell growth

» Modulation of cell differentiation, programmed cell desth,
gene expression

M edium-chain fatty acids

« Lower energy vaue per mole than long-chain fatty acids

* Minimal contribution to plasma or adipose tissue lipids: rapid
oxidation in liver

» Antimicrobial properties

Conjugated linoleic acid

 Cancer inhibitor

* Influences cholesterol metabolism
« Influences growth efficiency

» Antioxidant (?)

Phosphoalipids

» General: protect against ulceration of stomach/intestine

» Sohingomyelin: involved in cell signalling, growth regulation and
membrane permeability

 Alkyl lipids: cancer inhibitors, influence cell differentiation,
programmed cell death, cell signalling, activate platel ets

Fat-solublevitamins

« Vitamin A: visual processes, cell differentiation

« Carotenoids: antioxidants, metabolic regulation

« Vitamin D: Caand P metabolism, cancer inhibitor (?)
« Vitamin E: antioxidant, cell growth regulation
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Medium-chain fatty acids

Caprylic and capric acids (and the shorter chain length acids) are more
rapidly hydrolysed from dietary triacylglycerolsand are absorbed directly into
theblood supplyingtheliver, rather than beingincorporatedinto chylomicrons.
They are therefore metabolized differently and have distinctive properties
from the long-chain fatty acids as described in more detail in alater section.

Conjugated linoleic acid

Conjugated linoleic acid (CLA) isageneral term for amixture of isomers
of linoleic acid that are formed during the process of biohydrogenation in the
cow’ srumen (21,22). Although CL A occursinother fats, sometimesasaresult
of high-temperature cooking, milk fat and ruminant meat fats have the highest
concentrations of al food fats. The most abundant isomer and the onewith the
greatest biological activity iscis-9, trans-11-octadecadienoic acid. It hasbeen
shown to inhibit the development of mammary cancersin laboratory rodents
at alevel of about 1% in the diet. This and other properties are discussed in
more detail in alater section.

Phospholipids

Milk phospholipidsarelocated mainly inthe milk fat globule membrane.
Diversebeneficial health eff ects have been ascribed to thewhol e phospholipid
mixture as well as to specific lipid components. A protective effect of milk
against ulceration has been reported in rats and more recently in human
subjects (23). The effect may be due to a specific phospholipid that coats the
gastric or duodenal mucosa, not unlike the action of the lung surfactant.
However, certainlimitationsinthedesign of thesestudieslimit theinterpretation
of the results and more research is needed to resolve this important
guestion. One paper has described a protective effect of milk phospholipids
on tooth enamel (24).

Sphingomyelin is an important milk fat membrane constituent. It is a
choline-containing phospholipid, like phosphatidylcholine but based on
sphingosine rather than glycerol. The fatty acid islinked through an N-amide
rather than an O-ester bond (20). The ratio of sphingomyelin to
phosphatidylcholine is an important determinant of membrane permeability.
Inaddition, sphingomyelinisinvolvedintrans-membranesignalling processes
(21). Cleavage of the phosphocholinemoiety yieldsceramidewhich can act as
a ‘second messenger’, cell growth regulator, inducer of apoptosis and a
regulator of gene expression. Cleavage of the fatty acid yields sphingosine
which also has several regulatory properties including inhibition of
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protein kinase C, stimulation of y-interferon secretion and inhibition of
colon cancer development.

Ether (alkyl) lipids are also present in the membrane. They may be
cytotoxicor cytostatictotumour cells, inducersof differentiation and apoptosis,
and activators of platelets. They are also involved in various cell
signalling mechanisms (21).

Fat-soluble vitamins

In many European countries, milk and milk products are major suppliers
of vitamin A and its precursor B-carotene. Inthe UK, for example, about 20%
of vitamin A activity in the diet is supplied by milk and milk products.
Vitamin A is essential for vision and for the regulation of epithelial cell
differentiation. Variousderivatives have been implicated in the suppression of
tumour development. Aswell asits pro-vitamin A properties, B-carotene has
anumber of biological propertiesthat areindependent of its capacity to form
vitamin A. Itisan antioxidant and may also play arolein tumour suppression.
Milk is not normally an important source of vitamin D (except in countries,
such as USA, that routinely fortify dairy products with the vitamin) but milk
products may assume importance as sources of vitamin D in special
circumstances when for example, sunlight is limiting (the elderly and
dark-skinned immigrants to northern countries etc). It isinvolved in calcium
and phosphorus metabolism and more recently has been implicated in the
protection against colon cancer.

Health implications of milk fat composition

Despitethislonglist of potentially beneficial components, itisimpossible
to state categorically that their inclusion inthe diet will in fact improve health
or that their exclusion will cause health to deteriorate. Possible exceptionsare
the classical fat-soluble vitamins but even then, the overall contribution and
importanceof themilk vitaminswill becrucially dependent onthecomposition
of the rest of the diet.

One interesting study that tested the extent to which single foods could
support growth and health of rats (25) found that whole milk was very much
superior to skimmed milk even when the latter was supplemented with
fat-soluble vitamins. The differenceislikely to have been the contribution of
milk fat to essential fatty acid requirements, despite their low concentration
in cow’smilk (Table 6.4).

Limitationsin how to interpret published datain terms of applicability to
human health are mainly concerned with the appropriateness of animal
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Table 6.4. The ability of different foodsto support growth
and tissue development in young rats.

Food Nutritional index
Laboratory diet 100
Eggs, cooked 78
Whole milk (vitamin D added) 63
White bread, enriched 57
Cooked hamburger 52
Potatoes, cooked 48
Canned tuna 44
Polished rice 29
Skimmed milk (vitamins A and D added) 12

From reference (25). Theindex wasderived by assessment of the growth of
the whole body and the development of theinternal organswhen ratswere
given each food as the sole component of the diet in comparison with the
growth and development in rats given a diet specifically formulated to
provide optimum growth and nutrition.

models, the accessibility of the milk components received from the diet to
target tissues and the doses required to be effective. Thus, much of the work
ontheanti-tumour effectsof thesefat-sol uble substancesinmilk hasbeen done
with laboratory animal sgivenlarge doses of achemical carcinogen or intissue
culture. The extent to which either of these models is translatable to human
cancer isunknown. Littleisknown about the fate of the substanceswhen they
areingested, especially intact lipids such as sphingomyelin. Will they actually
be delivered to sites where they could be effective? Will the amounts present
in milk products have any biological significance in practical conditions?
Parodi (22) has cal cul ated that the amounts of CLA consumed in Australiaare
not unrealisticin relation to the amountsthat have been shown experimentally
to be effective in animals.

Despite these uncertainties, milk consumption has been associated in
some (but not all) epidemiologica studies with reduced prevaence of heart
disease, stroke, breast cancer and other cancers. If these effects are real, they
should be explainable in terms of the biological effects of milk components
which may include some of those described above. This provides a challenge
for research to demonstrate the validity of these mechanisms and for the
industry to exploit the research findings in terms either of novel products or
promotional activity within the bounds of what is legally permissible.
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A trans fatty acid that is good to eat?
Conjugated linoleic acid

What is CLA?

During the process of the biohydrogenation of polyunsaturated fatty
acids, catalysed by enzymes present i n anaerobic microorganismsintherumen
of ruminant animals, theoriginal methylene-interrupted sequenceof cis-double
bondsisdisrupted (26). Cis-transisomerization occurs aswell asmigration of
double bonds along the chain and the total number of double bonds per
molecule is reduced. An early event, before any reduction occurs, is the
formation of a cis-trans conjugated double bond sequence (Figure 6.1).

CH,~(CH,),-CH=CH-CH,CH=CH~(CH,),-COOH  9¢12¢-18:2

cis l cis
CH,~(CH,) SfCH=CHfCH=.CHf(CH2);COOH 9¢,11£-18:2

trans cis

Figure 6.1. Formation of a cis—trans conjugated double bond sequence during
biohydrogenation of polyunsaturated fatty acids.

M odern sensitivetechniquesfor separationand analysishavedemonstrated
the presence of several conjugated diene isomers with double bonds in
different positions. Collectively, these have been given the name conjugated
linoleic acid, now generally shortened to CLA. Isomers with double bond
positions at 9 and 11, 10 and 12 and 11 and 13 are present (22).

Where is CLA found?

CLA is present in arange of food fats but milk fat and dairy products
containing milk fat have the highest concentrations. The proportion of the
different isomers in CLA varies but in dairy products, the 9c,11t-isomer
contributes about 90% of the mixture. Reports that processing of dairy
products can alter the CLA content significantly must be treated with caution
sincethere may be greater variation according to the season in which the milk
was collected. However, the presence of whey protein during processing
seems to result in an increase in CLA content. For example, cheeses are the
richest sources of CLA in the diet, natura cheeses containing between
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0.6 mg/g fat (blue cheese) to 1.9 mg/g fat (Parmesan). However, processed
cheeses in which whey protein concentrate was added contained up
to 8.8 mg/g fat (22).

The second most important source of CLA is in non-dairy ruminant
products (e.g. lamb and beef fat). Vegetable fats as well as margarines and
other products made from them contain little CLA. This is true even for
industrially hydrogenated fats (27) perhaps because modern techniques result
mainly in the production of monoene isomers.

Detailed analysesof the CLA content of awidevariety of foodsincluding
meats, seafood, milks, cheeses, canned foods and infant foods have been
presented by Chin and colleagues (28). Data are presented as total CLA
isomers in mg/g fat and, for certain foods, the proportion of the isomers
present as 9¢,11t-18:2 is given. A surprising omission was information on
margarines and other spreads and thereis clearly a need for further analyses
of these products.

Anti-cancer properties of CLA

Although there are relatively few publications, the evidence for anti-
carcinogenic properties of CLA is steadily increasing. Such evidence comes
from cell culture studies (including human cells) and from studies with live
animals, mainly ratsand mice (22,29). The activity was originally discovered
when Pariza and Hargraves (30) found that crude extracts from fried ground
beef inhibited mutagenesis in bacteria and carcinogenesis in mice. Purified
fractions, containing the CLA compounds, and synthetic CLA, inhibited
tumour devel opmentinducedinmiceby thecarcinogen dimethylbenzanthracene
(DMBA) by about 50% when compared with control animals given linoleic
acid or solvent (31). However, these were not dietary experiments. the CLA
was applied to the skin in the area where the carcinogen was administered.

Later work by Ip and colleagues (29) administered CLA as a dietary
component and demonstrated a significant reduction of mammary tumours
induced by DMBA in rats when the diet contained as little as 0.1% by weight
of CLA. These and other authors also demonstrated the incorporation of CLA
into the phospholipids of cell membranes as well as showing that when
incorporatedinto‘ model membranes', CLA acted asan antioxidant, inhibiting
the peroxidation of polyunsaturated fatty acids. Cell divisionin human cancer
cells grown in culture is inhibited in the presence of CLA (22).

The mechanism by which CLA exerts its anti-carcinogenic effect is still
unknown, although several cluesare now emerging. Since oxidative reactions
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involving radical attack may be involved in theinitiation of cancer, CLA may
be acting as an antioxidant, although this remains controversial. Eicosanoid
synthesis from polyunsaturated fatty acids (which is an enzymic reaction
involving free radicals) may aso be modified by CLA. There is also some
evidencethat CLA may suppress cancer growth by inhibiting the biosynthesis
of proteins and/or polynuclectides (22).

The influence of dietary CLA on CLA in the body

There is abundant evidence that CLA isomers from the diet enter many
body tissues. CLA has been detected in human adiposetissue, milk, and inthe
blood, where it is associated with cholesteryl esters, triacylglycerols and
phospholipids. Although it is probable that most of this originates from the
diet, there are several ways in which small amounts might be formed in the
human body. For example, the human colon contains anaerobic bacteria,
similar to some present in ruminants, that are capable of forming CLA from
linoleic acid (26). It is also possible that 9¢,11t-18:2 could be formed from
11t-18:1 (present in the diet) by the action of fatty acid A-9 desaturase.
Very small amounts might also be formed non-enzymically by autoxidation
of linoleic acid.

Severa studies have now reported that CLA levels in the body can be
changed by dietary means (22). Thus, regular consumption of 112 g Cheddar
cheese (providing 179 mg CLA) per day for 4 weeksresulted in a significant
elevation of CLA in the blood: from 7.1 to 9.6 micromoles/litre (32). Within
amonth of returning to the original diet, levelshad returned to baseline again.
It seemsthat, if the anti-cancer properties of CLA in man are proved beyond
doubt, cheese will provide a good source of this compound. Parodi (22)
calculatesthat Australians probably consume about athird of the dose of CLA
found to be effective against rat mammary cancer (i.e. from 0.5 to 1.5¢g
CLA-day). This is probably not too different from the amounts consumed
in many European countries.

Other properties of CLA

If CLA acts mainly as an antioxidant, it should prove beneficial in other
disease processes in which radical catalysed oxidation is thought to
contribute. Many believethat atherosclerosisisone such process. A report has
appeared showing that when rabbits were given 0.5g CLA per day,
atherosclerosis induced by a high-fat, high cholesterol diet was reduced,
although the reduction did not reach statistical significance (33). There was
also, surprisingly, a fal in blood cholesterol. It remains to be established
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whether CLA really does have the potentia to reduce atherosclerosis and
further research will be awaited with interest.

CLA wasalsofound to protect against the growth suppression associated
withimmune stimulation in chicks, ratsand mice. Animportant finding of this
research was that CLA improved growth efficiency.

Lipids in infant nutrition

The need for artificial feeds

Theamount and composition of li pidsthat should beincludedincommercial
infant feedsposesachallenging probleminpractical nutrition. Italsoillustrates
some of the most important current topics in fundamental nutritional
biochemistry, particularly the optimal ratio between the n—6 and n—3 families
of polyunsaturated fatty acids (34,35).

All medical practitionersagreethat human milk isalmost alwaysthe most
appropriate food for human babies born at term; the baby born prematurely
poses a set of nutritional problems that need specia consideration. Because
some mothers either cannot or do not wish to breast feed, the need for infant
formulashasarisen. Theaimhasgenerally beentotry tomimicthecomposition
of human milk as far as possible, although several biological facts militate
against ever fully achieving this goal (35,36). Human milk contains several
proteins, whoseroleisto protect against infection, which would betechnically
difficult or costly toincludeinaformula Therearea so present many livecells
of the immune system which could not be incorporated into a formula.
Regarding thelipids, theindividual componentsarewell characterized but the
changein amount and composition of breast milk fat during lactation and even
during asingle feed are facets that are not easily replicated.

Cow’s and human milks compared

Because of its ready availability and recognized nutritive value, cow’s
milk has long formed the basis for most commercial infant formulas used in
industrialized countries. Neverthel ess, because of thedifferent physiol ogiesof
caf and human infant and their relative state of development at birth,
unmodifed cow’ smilk isinappropriate for the humaninfant. It wasvery early
recognized that the protein and sodium concentrationsin cow’ s milk were far
toohighfor thebaby’ simmaturedigestivesystem and kidneys. Only rel atively
recently hasthe need radically to modify thefat composition of cow’ smilk for
use in formula been realized.

Copyright © 1999, 2009 PJ Barnes & Associates



6. LippsIN Foobs AND Raw MATERIALS 201

A comparison of the fatty acid compositions of cow’s and human milks
isgiveninTable 6.5. Itisalso noteworthy that the chol esterol contentsof these
milks are significantly different, being 14 mg/100 g for cow’'s milk and
16 mg/100 g for human milk.

Table 6.5. Comparison of thefatty acid composition of
cow’sand human milk fats (g/100 g total fatty acids).

Fatty acid Cow Human
Saturated
4:0 31 0.2
6.0 2.0 0.2
8:0 1.2 0.5
10:0 2.6 1.0
12:0 31 4.4
14:0 10.8 6.3
16:0 29.6 22.0
18:0 10.9 8.1
M onounsaturated
14:1c 0.9 0.4
16:1c 1.1 33
18:1c 24.7 313
18:1t 1.0 2.7
Polyunsaturated
18:2cc, n—6 11 10.9
18:3ccc, -3 0.3 1.0
20:4cccc, n—6 - 0.5
20:5allc, -3 - 0.1
22:6dlc, n-3 - 0.3
tisomers 2.0 1.2
Others 5.6 5.8

c =cis; t = trans; others: mixture of odd-carbon-numbered
and branched-chain fatty acids.

The main difficulty in making such comparisons is that the fatty acid
composition of human milk ismuch moreinfluenced by the composition of the
maternal diet than that of cow’s milk. As a woman increases her intake of
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polyunsaturated fatty acids, for example, so the proportion in her milk
increases (34,37). The same is true of the trans unsaturated fatty acids.
Nevertheless, evenwhen human dietsarerel atively low in pol yunsaturates, the
proportion of total polyunsaturated fatty acids in the milk is considerably
higher than in ruminant milk. Moreover, thelong-chain polyunsaturates of the
n-3 family, virtualy absent from cow’s milk, make a small but highly
significant contribution to human milk.

Requirements of infants for lipids

Thehumaninfantisbornrelatively immature and requiresan energy-rich
diet compared with the more mature calf. Lipids are prime suppliers of
metabolic energy in human milk.

The immaturity of organ systems in the human baby also puts great
demand on raw materialsfor membrane synthesis. Foremost among these are
the polyunsaturated fatty acids and cholesterol. The fat soluble vitamins are
also crucial in this early stage of development.

A largepart of thedemand for membranelipidsin the newborn baby isfor
the development of the brain and nervous system (35,38). Human foetal brain
experiencesarapidgrowth spurt towardstheend of pregnancy which continues
into post-natal life. Brain and nervous system phospholipids contain a high
proportion of arachidonic (20:4n-6) and docosahexaenoic (22:6n-3) acids
and low concentrations of their precursors, linoleic (18:2n-6) and «-linolenic
(18:3n-3) acids. The photoreceptorsin theretinaof theeye also containahigh
proportion of phospholipids containing two docosahexaenoic acid moieties.

The infant’s biosynthetic capacity

What isrequired in the diet isintimately linked with the baby’ s capacity
tosynthesizeitsownmaterials. During lifeasahumanfoetus, theprincipal fuel
isglucose, suppliedinthematernal blood. At thisstage, therefore, theenzymes
for converting sugar intolipid arefully devel oped. Thefact that lipid synthesis
from carbohydrateisan extremely active processin the human foetusisamply
illustrated by the relatively large amount of body fat present in a newborn
human baby.

Similarly, the enzymes of cholesterol synthesis are aso fully developed
at thisstageto provide for the needs of membranes, particularly in therapidly
developing nervous system. Therate of synthesis of cholesterol by the human
baby, as measured by isotopic incorporation from deuterated water (39), is
regul ated by the concentration of cholesterol inthemilk. Inonesuch study (39)
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endogenous cholesterol biosynthesis rates were inversely proportional to the
cholesterol concentrationinthefeed: highest with soy formul awhich contained
no cholesterol, intermediate with cow’s milk based formula and lowest with
breast milk. Despitelower cholesterol synthesisin the breast-fed babies, these
infants had the highest concentration of blood LDL-cholesterol, which is the
main vehicle delivering cholesterol to tissues.

The primary essential fatty acids, linoleic acid and «-linolenic acid, need
to be supplied from the mother’s diet through her circulation since neither
mother nor baby can synthesize them. The elongation and further desaturation
of these precursorsinto |onger-chain more highly unsaturated derivativesisa
slow and inefficient process in placenta and in foetal and newborn infant
tissuesand thesel ectiveincorporation of pre-formed|ong-chain polyunsaturates
is thought to be the main contributor to the accumulation of these fatty acids
in nervous tissue (34,38).

Requirement for lipids in infant formula
Digestibility of triacylglycerols

The newborn infant’s digestive capacity is immature owing to limited
pancreatic and biliary secretions. Human milk lipids are more efficiently
digested partly because of their higher degree of unsaturation and partly as a
result of the structure of the triacylglycerol molecules. In human milk amuch
larger proportion of palmitic acid (16:0) islocated in position 2 thanin cow’s
milk triacylglycerols. As a result of lipase digestion most palmitic acid is
liberated as monopamitin from human milk fat and as free fatty acid from
cow’s milk fat. Palmitic acid is more efficiently absorbed as monopamitin
than asfreefatty acid (40). Thereisscope, therefore, for the use of ‘ structured
lipids ininfant formulas (36) and, for example, afat blend (Betapol) has been
devel oped by Unilever Research, which hashighlevelsof 16:0 esterifiedtothe
sn—2 position of the triacylglycerols (41). It is a'so noteworthy that taurine
conjugates of bile acids are important in fat emulsification in the human
infant’ ssmall intestine. Taurine occursabundantly in the non-protein nitrogen
fraction of human milk and is hardly present in cow’s milk. Taurine is now
added to nearly all infant formulas (36).

Cholesterol

Infant formulas containing cow’s milk fat contain cholesterol but at a
lower concentrationthanin human milk. When vegetableoilsareusedininfant
formulas, the product contains little or no cholesterol. Cholesterol is not
normally added to formulas, despite the knowledge that human milk isrichin

Copyright © 1999, 2009 PJ Barnes & Associates



204 LippsIN NUTRITION AND HEALTH: A REAPPRAISAL

thiscomponent, because of fearsthat such astep may inadvertently encourage
high LDL-cholesterol in early life and increase the risk of cardiovascular
disease later. Thereisdispute between experts on this point (36) which seems
set to continue. As pointed out in an earlier section, itisnormal for breast-fed
babiesto haveahigh circulating concentration of LDL , which may berequired
to deliver cholesterol and long-chain polyunsaturates to the brain.

Polyunsaturated fatty acids

Thereislittle dispute that linoleic acid and «-linolenic acid, the primary
essential fatty acids, should be included in infant formula although there is
surprisingly little guidance on the actual amounts. During the 1970stherewas
avogue for incorporating large amounts of linoleic acid-rich vegetable oils
into formulasthat resulted in extremely high concentrationsof linoleic acidin
the infants' adipose tissue (42). This practice has now been abandoned in
favour of more modest inclusions. Van Aerde and Clandinin, in afirst class
discussion of current understanding of the needs for polyunsaturates
by newborn infants (34) estimate that formulas should contain 5-6%
of energy as linoleic acid (12-16% of milk fatty acids) and 1% of energy as
a-linolenic acid (2.25-3% of milk fatty acids). Thiswould result in aratio of
linoleic acid/e.-linolenic acid of 4:1-6:1 which is much lower than has been
commonly found in traditional formulas (15:1-20:1).

Concern about the poor conversion of the precursor essential fatty acids
into long-chain derivatives has led to the introduction of arachidonic acid and
docosahexaenoic acidinto formulasfor pre-terminfantsanditislikely that the
same will apply to formulas for term infants in due course (34-36). Giving
formula enriched with fish oil improves docosahexaenoic acid status and
visual functionin pre-term babies but their arachidonic acid status and growth
may deteriorate (34,43). The optimal amounts of precursor and product
polyunsaturates and the optimal ratios between n—3 and n—6 families remains
acrucial topic for nutrition research (34-36,38,43). On the basis of current
information, therecommendation (34) isfor long-chain polyunsaturates of the
n—3 family to represent 0.25-0.50% of energy (0.5-1.0% of milk fatty acids)
and those of the n—6 family to provide 0.35-0.7% of energy (0.7-1.4% milk
fatty acids) giving an n—6/n-3ratio between 1.1:1 and 1.4:1. Improvementsin
the polyunsaturated fatty acid content of infant feeds may be assisted by an
ever-widening range of sources of polyunsaturates from plants and
microorganisms. For example, thefungus Mortierella alpinaisagood source
of arachidonic acid and several fungi, algae and marine bacteria yield
ei cosapentaenoi ¢ acid. These devel opments have been reviewed by Gunstone
in Lipid Technology (1997, Val.9, pp.91-94).
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Fat-soluble vitamins

Little basic information exists to give guidance for appropriate levels of
the fat-soluble vitaminsin infant feeds. The practice of using vegetable oilsto
supply linoleic acid should ensure that adeguate vitamin E is present because
most oilsrichinlinoleic acid are a so good sources of vitamin E. Human milk,
particularly colostrum, contains considerable amounts of B-carotene. This
resultsinrapidincreasesintheblood concentration of 3-carotenein breast-fed
infantsthat doesnot normally occur inthosewho arebottlefed. -Carotenecan
be converted intoretinal in the gut of human babies (36) and thus may provide
a source of vitamin A. Carotene may aso provide an important part of the
infant’ sdefence against radicals (36). Much researchisstill needed to provide
afirm scientific basisfor the design of infant formulas and the idea of human
milk asa‘gold standard’ may need to be abandoned as more information on
the functional requirements for different fatty acids becomes available.

Short-chain and medium-chain fatty acids in nutrition
and metabolism

Inthisand other chapters, | havediscussed aspectsof fatty acidsin human
nutritionthat havegained prominenceintermsof health. Theseaspectsarealso
well summarized in Chapter 3 of the UK Department of Health's booklet
‘Dietary Reference Vaues for Food Energy and Nutrients for the United
Kingdom' (44). However, short and medium-chain fatty acids are not an
‘issue’ and are not given a passing mention in this publication, so why do |
choose to highlight them here? The reason is precisely that they tend to be
forgotten and because they have interesting metabolic properties that are
digtinctly different from those of the longer-chain fatty acids. | estimate
that intakes in the UK may be on average about 3 g/day and it is
pertinent to ask whether we should not give more attention to their effects
on nutrition and health?

Structure, properties and occurrence

Short-chain fatty acids can be defined as having chain lengthsfrom C, to
C, and medium-chain acids from C, to C,. Such a definition is somewhat
arbitrary, but has some basisin physical and metabolic properties. Some may
argue that acetate (2:0) is not afatty acid, but itsinclusion isjustified since it
isfound in some naturally-occurring lipids and isintimately bound up in fatty
acid metabolism. Most of the acids considered here have an even number of
carbon atoms but propionate (3:0) is a so important in metabolism. Some may
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regard the C_, acid, lauric acid, as a ‘medium-chain acid’ but for metabolic
reasonsdescribed later, | will defineit asa‘long-chain fatty acid’. Some short
and medium-chainfatty acidsmay contain double bondsor chain branchesbut
those of quantitative significance in human diets are all saturated.

The short-chain fatty acids are apparently water-soluble but in fact they
are associated together in micelles and do not exist as single molecules. They
are often referred to as ‘volatile fatty acids’ (VFA). After C, the length of the
hydrocarbon chain limits water solubility (20).

In foods, the short-chain fatty acids are present in small quantities,
generally as components of flavour volatiles or in milks. Medium chain acids
are present mainly in milks or in certain seed oils.

Ruminant milk fat normally contains about 5 g/100 g of 4:0 plus 6:0 and
similar amounts of 8:0 plus 10:0. Giving the animals rations with high
inclusionsof fat tendstoreducetheproportion of theseacidswith aconcomitant
increase in longer-chain fatty acids. Human milk fat normally has no
short-chainand only 1 or 2% by wei ght of medium-chainfatty acidsinsocieties
inwhich fat intakes are relatively high, but these may be significantly higher
in the milk of women consuming diets with a very low fat content (20).
The medium-chain fatty acids are not distributed randomly in milk
triacylglycerols and tend to be located predominantly on position 3 (45).

The most abundant sources of medium-chain fatty acids used in the
preparation of human foods are coconut and palm kernel oils which contain
respectively 15% and 8% by weight of 8:0 + 10:0. The most abundant and
characteristic acid in these oils is 12:0, lauric acid, which comprises
nearly 50% of the total fatty acids. Seed oils of Cuphea species
also contain medium-chain fatty acids and could become another
potential food source (46).

Metabolism

The origin and metabolism of the volatile and medium-chain fatty acids
is quite different and needs to be described separately.

Short-chain fatty acids

In ruminants, acetic, propionic and butyric acids areformed by microbial
fermentation of polysaccharidesintherumen. They areabsorbed directly from
therumen and metabolized mainly intheliver for the production of glucoseand
long-chainfatty acids. Theimportanceof fermentativeproduction of short-chain
fatty acids in man and other simple-stomached animals like pigs, has been
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realized only relatively recently. The site of production isthe colon, which has
a large microbial population, and the substrates are mainly the non-starch
polysaccharide components of the diet (dietary fibre) but also undigested
starch that has reached the large intestine. Butyric acid is thought to be
metabolized mainly by the epithelial cellsof the colon and may have aspecial
roleto play in the maintenance of mucosal integrity. It also playsaroleinthe
regulation of cellular growth, especially inthecolon, inhibitscell proliferation,
induces differentiation and apoptosis (programmed cell death) (21) and
modulates the expression of genesin severa types of cells. These activities
suggest that it may be useful in suppressing tumour development and indeed
it hasalready found clinical use against leukaemia. Acetic and propionic acids
are absorbed through the colon and experiments with pigs demonstrate that
they may becomesubstratesfor long-chainlipidsthat areprobably synthesized
in the liver. It isinferred that this may aso happen in man. Thus, so-called
indigestible carbohydrates may be significant energy sources, athough the
extraenergy provided may bebal anced by adightlossindigestibility of fat and
protein caused by high-fibre diets (47).

Medium-chain fatty acids

In man and other animals, the production of medium-chain fatty acids
occurs amost exclusively in the mammary gland, hence their characteristic
occurrence in milk fat. In most tissues that synthesize fatty acids, thereisan
enzyme called thioesterase, which is part of the complex of enzymes known
asfatty acid synthetase. Thisenzymerel easesfatty acidsfrom thecomplex and
is specific for long-chain fatty acids. Therefore, medium-chain fatty acids
which areintermediatesin the growing fatty acid chainsnever escapefromthe
complex. In mammary gland, however, there is a thioesterase specific for the
medium-chain fatty acids, releasing them and making them available for
incorporation into milk fat triacylglycerols (20).

Short and medium-chain fatty acids in milk fat triacylglycerols are
hydrolysed particularly rapidly by lipases. In human babies this process
prabably beginsin the mouth as aresult of the action of asalivary lipase or a
lipase present in human milk. The most extensive digestion, however, occurs
in the stomach as aresult of the action of lingual lipase, which is produced in
glands around the tongue and is carried into the stomach where it actswith a
pH optimum in the acid range. There is some evidence for direct absorption
from the stomach. This mode of digestion is particularly important for
new-born babies, in whom pancresti c secretions, which contain thelipase that
catalyses most of the lipid digestion in the duodenum of older children and
adults, are not fully developed (20).
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Fatty acids with chain lengths of C , and longer are absorbed as
monoacylglycerol and freefatty acid componentsof ‘ mixed micelles’ into the
small intestinal epithelial cells, where they are reincorporated into
triacylglycerols that are then exported into the bloodstream as lipoproteins
known as chylomicrons (20). Chylomicrons are cleared from the plasma
mainly by the adipose tissue. Therefore, immediately following a mesl
containing fat, the fatty acid composition of plasma lipoproteins and adipose
tissue reflects, to some extent, the long-chain fatty acid profile of the diet.

Fatty acids with chain lengths up to C, have quite adifferent fate. They
areabsorbed asfreefatty acidsand enter theblood flow inthe portal veinwhich
directly feeds the liver. Thisis arapid process. In the liver, they are rapidly
broken down by the process of 3-oxidation which removestwo carbon atoms
at a time and, to a small extent, w-oxidation. The resulting acetate (from
even-numbered chain length fatty acids) may enter a number of metabolic
pathwaysincluding resynthesisof long-chain fatty acids. Propionate, whichis
the end-product of breakdown of odd-numbered chain length fatty acids,
can be directed into metabolic pathways resulting in glucose synthesis.
Thus, odd chain acids and propionate have metabolic effects more akin to
sugars than lipids (48).

Lauricacid, 12:0,isinanintermediate position. Someisabsorbed through
the portal vein while some is incorporated into chylomicrons. However, the
balanceof evidencesuggeststhat thepredominant routeisthrough chylomicrons,
hence my decision to classify lauric acid as a ‘long-chain fatty acid'.
A reflection of theintermediate position of lauric acid isthe uncertainty about
its cholesterol-raising activity. Some research has placed it amongst the most
hypercholesterolaemic fatty acids, while other publications have found
only a small effect (49). It is entirely probable that some people absorb
most of their lauric acid through the portal route while others handle it as a
long-chain fatty acid.

The implications of the mode of absorption of short-chain and
medium-chainfatty acidsare: (i) they do not contribute significantly to plasma
lipoproteins and, therefore, have no ‘ cholesterol-raising activity’; (i) they are
not deposited in adiposetissue; and (iii) they arerapidly absorbed in conditions
in which the absorption of long-chain fatty acids may beimpaired. Failureto
digest lipidsmay occur asaresult of diseasesresulting ininsufficient lipase or
bile salt; malabsorption is generally due to damage to the mucosal surfaces of
the small intestine. Absorption may also ‘ back up’ dueto congenital failureto
produce specific apoproteins which are obligatory components of plasma
lipoproteins. Patients with malabsorption are at risk of deficienciesin energy,

Copyright © 1999, 2009 PJ Barnes & Associates



6. LippsIN Foobs AND Raw MATERIALS 209

fat-soluble vitamins and essential fatty acids but can usually absorb
medium-chain fatty acids (50).

Medium-chainfatty acidsalso have antimicrobial propertiesand thismay
beonereasonwhy milk containsarel atively high concentration, asaprotection
for the newborn. One paper has described a protective effect of milk fat on
human tooth decay which the authorsascribed to adsorption of milk lipidsonto
the enamel surface (24). The effect may aso have been due, in part, to the
known antimicrobial effects of milk fatty acids and this whole area
deserves more research.

Food uses: now and in the future

For patients who are unable to absorb fat, normal dietary fats may be
replaced by medium-chain triacylglycerols (MCT) (50). This product is
composed mainly of triacylglycerols, fractionated from coconut oil, containing
8:0 and 10:0 and can be purchased as cooking oils or fat spreads.

MCT have aso found applications as a source of energy in the enteral
feeding of pre-term babies.

Molecular species containing short and medium-chain fatty acids can be
fractionated from milk fat which is surplus to demand but the cost of the
starting material and the process would add up to a very expensive product.
New seed oils, like those from Cuphea may in the future provide
alternatives to coconut oil.

An aternative application which has been much discussed isin reduced-
calorie diets and diets that will not elevate plasma cholesterol because
medium-chain fatty acids are not deposited in adipose tissue and do not
contribute to plasma lipoproteins (51). However, to the authors' s knowledge,
convincing evidence for their long-term effectiveness in man is yet to be
published. Their effectiveness would need to be substantial in view of
the cost of the product and competition from other low calorie fat substitutes
now being devel oped.

Oil palm lipids: edible oils with interesting
nutritional attributes
Background

Itiscommon but misleading to characterize particular oils as* saturated’
or ‘polyunsaturated’ or the like. First, natural oils do not tend to contain
triacylglycerol moleculesin which only onetype of fatty acidisesterified and
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if they do it isonly in nutritionally insignificant amounts. In genera, all are
mixtures of saturated and unsaturated fatty acids. How much of one particul ar
classneedstobepresent for thefat tobedesignated saturated’ or ‘ unsaturated’ ?
Itisonly thefatty acidsthat should be so designated, not the oils themselves.
Second, because of the preoccupation that there has been with the influence of
dietary fatty acids on plasma cholesterol concentration (see Chapter 1), many
people now would assume that if an oil is caled a ‘saturated’ ail, its
consumption will inevitably lead to higher plasmachol esterol concentrations.

Palm oil isagood exampleof anatural edibleoil that illustratesthefallacy
of the latter assumption as well as the difficulty of applying the classification
saturated or unsaturated. Another reason why | have chosen this topic is
because the term saturated has been used asaterm of abusein an orchestrated
campaign in the USA against so-called tropical oils and well illustrates the
misuse of nutrition research for commercial or ideologica ends.

Several organizationsinthe USA havebeenwaging asustained campaign
against ‘tropical oils' (coconut, palm kernel and palm oil) which culminated
in late 1988 with full page advertisements in the New York Times and the
Washington Timesheaded“ The Poisoning of America’ . Theseadverti sements
came from the most emotive and vociferous of these groups. The National
Heart Savers Association. The advertisements, which mentioned several
common American foods, urged consumers to eliminate the use of saturated
fatsin the diet and condemned the food industry for continuing to use these
products in the manufacture of various foods. They stressed that half the
American population had cholesterol levels that were too high, that eating
saturated fats raises one's plasma cholesterol concentration and that high
cholesterol concentrations lead to heart attacks.

Although the American Council on Science and Health denounced the
advertisements asadisservice to the US consumer, it was not beforemany US
food manufacturers had replaced these three oils with other raw materials. In
1986, a consumer organization petitioned the Food and Drug Administration
to require that the name of any of the three tropical oils on afood |abel must
be followed by the phrase: “asaturated fat”. In fact, palm oil contributed less
than 2% of the saturated fatty acidsin the US diet, much less than many other
fats and oils for which this specification was not required. In early 1987, an
amost identical petition wassubmitted by the American Soybean Association.
Both received the response that the petition would be considered within
labelling regulations being considered for ‘low cholesterol’ claims. The USA
isamajor exporter of oilsandfatsanditsmain productissoybeanoil. Thistrade
isnow under extreme competitive pressure from South American soybeans,
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European Union and Canadian rapeseed as well as palm oil from Malaysia,
Indonesia and Africa. Health concerns and commercial competition are
clearly becoming interwoven.

Itisnot my intention here to argue the case whether thereisastrong link
between the consumption of saturated fatty acids and coronary heart disease:
that topicisthe subject of Chapter 2. Thefollowing will be concerned with the
nutritional attributes of palm oil to illustrate the dangers of making
generalizations based on the assumption that an oil is ‘ saturated’.

Palm oil as a food raw material

Palm ail is one of the sixteen edible oils possessing an FAO/WHO Food
Standard under the Codex Alimentarius Commission Programme and has a
long history of food use dating back over 5000 years. It is now consumed
worldwideasacooking oil aswell asbeing araw materia for the manufacture
of margarines and shortenings. It is incorporated into many industrial fat
blends and awide variety of food products.

Palm oil is obtained from the fleshy mesocarp of the oil palm fruit and
shouldbeclearly distinguishedfrompalmkerne oil. Thefatty acid compositions
of these two oils are quite different (46), palm oil containing about 50%
saturated fatty acids and 50% unsaturated, whereas the kernel il isa‘lauric
oil’ similar to coconut, containing 83% saturated fatty acids (Table 6.6).
Unrefined palm ail is rich in carotenoids, tocopherols and tocotrienals.
Refining unfortunately removes much of the carotenoids but the refined il
retains a high concentration of compounds with vitamin E activity. Palm ail
contains about 18 ppm cholesterol and palm kernel oil 17 ppm. These values
aretypical of many vegetable oils and contrast with, for example, lard, which
contains 3500 ppm cholesteral.

Because of the physical properties of palm oil, due to the saturated fatty
acid composition and the structure of thetriacylglycerols, it canbeincludedin
products with minimal hydrogenation, giving product qualities which could
only be achieved using more unsaturated oils if they were extensively
hydrogenated. Those who are persuaded of the need to keep the concentration
of transfatty acidstoaminimumwill clearly find thisproperty of great benefit.

Metabolism of palm oil

Palm oil contains no very-long-chain or unusual fatty acidsand isreadily
digested, absorbed and used as a source of energy. The medium-chain fatty
acids (8:0, 10:0) in palm kernel oil are absorbed by a different route from the
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Table 6.6. Composition of the so-called ‘tropical ails'.

Fatty acid! Palm ail Pamkernel  Coconut
8:0 0 4 8
10:.0 0 4 7
12:0 tr 45 48
14:0 1 18 16
16:0 42 9 9
16:1 tr 0 tr
18:.0 4 3 2
18:1 43 15 7
18:2n-6 8 2 2
18:3n-3 tr 0 0
Others 2 0 1

In the shorthand notation for fatty acids, the number before the colon
represents the number of carbon atoms and the number after the colon,
the number of double bonds; n—3 and n—6 denote the number of carbons
between thelast double bond and the methyl end of the chain. tr = trace.

longer-chain fatty acids (see reference 20 and an earlier section). Instead of
being transported in plasma lipoproteins, they pass into the blood vessels
supplying theliver asalbumin-bound non-esterified fatty acidsand arerapidly
metabolized in the liver.

Influence on blood cholesterol

The saturated fatty acids, lauric, myristic and palmitic acidsare generally
regarded ascausing arisein plasmachol esterol when they replace unsaturated
fatty acidsin the diet. Since pam oil contains equal proportions of saturated
and unsaturated fatty acids, itseffect on blood cholesterol isdifficultto predict.
Considering the position of palm oil onworld edible oil markets (second only
to soybean) it is surprising that palm oil has not more often been included in
systematic work to establish the relative effects of different fatty acids and
different oils on plasma lipoprotein concentrations.

Several recent controlled human studiesin Europe, USA, Australia and
Asia (52-55) have confirmed that there is no rise in blood total cholesterol
concentration when palm oil, providing most of the dietary fat, is used as an
aternative to other fatsin atraditiona diet. In several of these studies, the
concentration of HDL-cholesterol, regarded as beneficial to health, was
significantly enhanced. The content of lipoprotein[a], a potent risk indicator
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for coronary heart disease, was significantly reduced when palm oil provided
most of the dietary fat (56). In most of these studies, the plasma cholesterol
concentrations were lower at the end of the experiment in the subjects given
pam oil than at the beginning, when they had been consuming their normal
diets. Thismight have been dueto a‘placebo’ effect. It could, however, have
been dueto theoleic and linoleic acidsin the palm oil. Monounsaturated fatty
acids are now regarded as being similar in their cholesterolaemic effects to
polyunsaturated fatty acids (see Chapter 4). Y et another possibility isthat the
effect isdueto someof the minor non-saponifiable compoundsin palmoil. For
example, the tocotrienols have been found, in animal experiments, to be
powerful inhibitors of HMG-CoA reductase, the enzyme that catalyses the
rate-limiting step in cholesterol biosynthesis (57). These results with
palm oil do emphasize the need, when discussing ‘cholesterol raising’ or
‘lowering’ effects, to state clearly the standard against which raising or
lowering is being measured.

It has frequently been assumed by research workers comparing the
influence of two dietary oils on plasma cholesterol that such influences must
necessarily be a result of differences in fatty acid composition, whereas
other components, low in concentration, might have relatively
large biological effects.

Influence on blood coagulation

Thereis much current interest in the possible influences of dietary lipids
onfactorsthat regulatethepotential of thebloodto clotinthe processof wound
healing. Such phenomena as the aggregation of blood platelets and the
formation of fibrin clots (thrombi), involving a whole cascade of clotting
factorsand enzymes, aswell asthedissolution of unwanted clots(fibrinolysis)
may involve lipids in some way and may, therefore, be modified by fat from
the diet (58). One of the mgjor difficulties is how to measure these complex
processes in away that is meaningful in terms of what happensin the living
blood. Most techniques have been ‘test-tube’ experiments which may be so
artificia that they are not relevant to ‘real life'. Hornstra (59) developed an
animal model to study the potential for thrombi to forminblood. A small loop
of trandlucent plastic isintroduced into the aorta of arat with part of the tube
exteriorized so that the blood flow can be observed. The damage caused to the
blood vessel by this procedure causes a thrombus to form and the time taken
for it to grow to asize when it completely blocksthe artery (obstruction time)
is measured. This moment can be observed readily because the blood in the
tube turns from bright red to black.
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The obstruction times of rats given various fats and oils are shown in
Table6.7. Whileit is not certain how well the technique represents the true
behaviour of the blood in aliving person, it should nevertheless give afairly
good rank order of dietary oilsin terms of their influence on the tendency for
thrombosis to occur. As can be seen in Table 6.7, the obstruction time
diminishes(i.e.thrombosistendency increases) withtheproportionof long-chain
saturated fatty acidsin the oil. However, pam ail clearly does not behave as
expected from its fatty acid composition. Other results from this [aboratory
suggest that the effect may be due to a compound in the unsaponifiable
fraction, possibly atocopherol or related substance.

Table6.7. Dietary fatsand oilsranked in order of
their tendency toinducethrombosis.

Dietary fat OT (hours)! % 14:0 + 16:0
Pam 195 43
Rapeseed 190 8
Linseed 185 13
Sunflower 170 11
Olive 145 16
Coconut 130 24
Hydrogenated soybean 125 23
Whale 110 28
Hydrogenated coconut 90 30

10T = obstruction time, the time taken for blood to clot.

Influence on cancer

Thescientific debate about whether therisk of cancer isinfluenced by the
amount or type of fat in the diet continues without resolution.
The epidemiological evidence linking fat with most human cancersis wesk,
though less so for colon cancer. For experimental evidence we haveto turnto
animal experiments which may not be directly relevant to man.
There are severa publications concerning the effects of palm oil specifically.
For example, Sylvester et al. (60) found that rats given diets containing 20%
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palm or corn oils prior to administration of acarcinogen had no moretumours
thananimalsgivenalow-fat diet (5% corn oil) whereasinthosegiven 20% beef
fat or lard, mammary tumour devel opment was enhanced. Another study (61)
found that, compared with several other edible oils, dietary palm oil reduced
the number of chemically-induced tumoursin rats.

On current evidence, it appearsthat theinclusion of pam oil indietsat a
level similar to the total fat intake in industrialized countries should carry no
particular risk for cancer development. However, we should have caution in
extrapolating results obtained in animals to man. It is worth noting that two
important reports published in 1997 and 1998 concluded that there is little
good scientificevidencefor arolefor dietary fatsin the devel opment of human
cancers. | have discussed thisin detail in an article in Lipid Technology (62).

Postscript

The mora of thistale is that the nutritional and metabolic effects of an
edibleoil cannot bejudged fromitsfatty acid composition alone. Nutritionists
should in future investigate the properties of components of fats and oils,
which athough quantitatively minor, may yet have important metabolic
effects. Use of thesimplistic terms* saturated fat’ and * unsaturated fat’ should
be abandoned and many previous assumptions should be re-evaluated.

Plant sterols in the diet

Sterols in plant lipids

When nutritionists discuss dietary sterols, the emphasisis nearly always
oncholesteral, themajor sterol of theanimal kingdom. Itisoftenforgottenthat
plant lipids also contain sterols. The major plant sterols are B-sitosterol,
campesterol, stigmasterol and avenasterol; only traces of cholesterol are
present (46). Rapeseed oil contains a small amount of brassicasterol. Some
examples of sterol compositions of seed oils important in human diets are
presented in Table 6.8.

Dietary intakes

Little information is available on intakes of plant sterols. One Finnish
publication has indicated that the average amounts consumed —
160-360 mg/day (63) — may not be much lower than intakes of cholesterol,
which is some 300400 mg/day in UK adults (64). Strict vegetarians may
consume amounts of plant sterolsthat far exceed their intakes of cholesterol.
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Table6.8. Sterol composition of some common edible plant oils (mg/kg).

Qil Cholesterol Campesterol B-Sitosterol  A-7-Stigmasterol
Brassicasterol Stigmasterol A-5-Avenasterol
Cocoa butter 59 - 266 769 1746 88 29
Coconut 23 - 18 296 1322 319 136
Corn - - 2691 702 7722 468 117
Olive - - 28 14 1310 29 58
Pam 26 - 358 204 1894 51 25
Peanut - - 360 2160 1536 192 72
Rape - 612 1530 - 3549 122 306
Soybean - - 720 720 1908 108 108
Sunflower - - 313 313 2352 156 588

Influence on cholesterol metabolism

Thereisno known direct rolefor plant sterolsin human nutrition. Unlike
cholesterol and the plant-derived essential fatty acids, linoleic and «-linolenic
acids, they are not found in the membranes of human cells. Apparently, only
the cholesterol structureisableto support the structure and function of animal
membranes. Any attempt to substitute cholesterol with other sterolshasled to
non-functioning membranes.

Itisgenerally considered that plant sterols are poorly absorbed from the
small intestine but again the subject has been poorly studied. The Finnish
workers(63) found that the serum concentration of all the plant sterolswasless
than 1% of the cholesterol concentration. Since the 1950s it has been known
that plant sterols inhibit cholesterol absorption. This does not necessarily
influence serum cholesterol since synthesis of cholesterol in theliver isunder
feedback control from cholesterol entering from thediet but somestudieshave
shown a degree of cholesterol lowering. It was discovered, however, that
sitostanol, a5-« saturated derivative of sitosterol was much more effectivein
reducing cholesterol absorption and serum cholesterol concentration than
sitosterol itself and this fact has sometimes been exploited in therapy for
hypercholesterolaemia (65,66).

Recent research

Miettinen and colleagues (67) demonstrated significant blood cholesterol
reduction in people with mildly elevated blood cholesterol by the regular use
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of aspecially formulated margarine that contained sitostanol. Sitosterol was
prepared from wood, hydrogenated to sitostanol, and then interesterified with
rapeseed oil to produce sitostanol esters. The margarine used in the study was
also based on rapeseed oil and was blended with the sitostanol esters so that
an 8 g portion of margarine provided 1 g sitostanol.

Intheir study, 153 participantswereinstructed to replace 24 g/day of their
normal fatintakewithaconventional rapeseed oil based margarinefor 6 weeks
after whichthey wererandomizedintotwogroups, one(51 subjects) continuing
to use the conventional margarine, the other using the margarine blended with
sitostanol. Thelatter received 3 g/day sitostanol. After 6 months, peopleinthe
sitostanol group were randomly assigned to one of two equal groups, one
continuing to receive 3 g/day, the other 2 g/day, sitostanol. Fasting blood
samplesweretaken at appropriate pointsthroughout the study and analysed for
total cholesterol, HDL-cholesterol, campesterol and triacylglycerols.
LDL were estimated using aformula that predicted their concentration from
the concentrations of the other constituents.

No untoward symptoms were reported by the people receiving the
sitostanol. After ayear, blood chol esterol decreased from the baselinevalueon
average 10.2% in people given the sitostanol margarine and increased on
average 0.1% in the control group. Thisequated to areduction of 0.63 mM in
subjects receiving sitostanol compared with controls (P <0.001). It aso
comparesvery favourably with more conventional dietary measuresto reduce
blood cholesterol, for example increasing the ratio of n—6 polyunsaturates to
saturates. Most of the cholesterol reduction resulted from a fall in
LDL-cholesterol; there were no significant changes in HDL-cholesterol or
triacylglycerols and no significant differences between the effectsof 2 g/day
and 3 g/day of sitostanol.

The study was well-designed, conducted and controlled and the numbers
in each group were substantial. One year is much longer than is normally
devoted to most nutritional studies of this type and the study involved some
painstaking work. The content of the plant sterol in the margarine fat was
cons derable(20%) and theauthorswerewisetomonitor for possibleside-effects
of the treatment. None were observed.

Apparently, the subjects could distinguish the taste of the two products,
thereby to someextentinvalidating theclaimthat the study was* double-blind’.
Asagainst this, it was claimed that the subjects could not decidewhichwasthe
preferred taste, so that the difference did not influence total intake of either of
the margarines.
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Itisfair to ask whether the background diet was well enough controlled:
the subjectswereeffectively consuming their habitual dietswith the exception
of the‘contral’ or ‘treatment’ margarine. Food i ntake was not monitored until
9 monthsintothetrial and again at 14 monthswhen the subjects had been back
to their normal diets again for two months. This provided evidence that there
wereminimal differencesbetween subgroupsintermsof dietary total fat, fatty
acids or cholesterol intakes at these times. No data were presented for the
consumption of other nutrients, someof which might have had effectson blood
cholesterol (animal/vegetableprotein, fibreamong others). It would have been
interesting and perhaps important to have been told how much natural plant
sterolswerebeing consumedinthefood. However, asagai nst thesearguments,
theauthorscould reasonably claimthat thiswasablinded controlled experiment
that had apositive outcome so that criticisms about the composition of therest
of the diet might be academic.

The margarine (both ‘ control’ and ‘ treatment’) contributed 24 g per day
of fat to the diet. Supposing the total fat consumption to be 80-100 g/day (we
are not told exactly how much in grams was consumed — only that it
represented 35% of energy), thisisabout aquarter of fat intake. Subjectswere
taught to replace part of thefat in their diet with this product but there was no
indication of how they did this or what fat was actually replaced.
The ‘treatment’ groups received a maximum of 3 g/day of the plant-derived
sterol — about ten timesas much asin normal diets. Since the vegetablefoods
that supply plant sterols in the normal diet tend to have a low-fat content, it
would be quite difficult, even for a vegetarian, to achieve anywhere near the
intake of plant sterols from a normal diet as was consumed in this study.
Moreover, it is known from previous studies that naturally-occurring plant
sterols have less potent cholesterol-lowering ability.

The authors did not measure cholesterol absorption directly but they did
measure the plasma concentration of campesterol, which is known to be
directly related to cholesterol absorption. The decreasein plasmacampesterol
seen in subjects consuming the sterol ester margarine suggests that these
subjectsal so absorbed less chol esterol than controls. Inview of what isknown
about cholesterol homeostasis (see influence on cholesterol metabolism
above), itissurprising that, if the only effect of the plant derived sterol wasto
inhibit cholesterol absorption, this in-built compensation mechanism did not
operate to maintain blood cholesterol constant. Instead, plasma cholesterol
fell. The subjectsinthisstudy may not have been good ‘ compensators’ (i.e. the
synthesis of cholesterol in the liver was insensitive to dietary cholesterol).
Asthey were‘ moderately hypercholesterolaemic’, thismay indeed have been
the explanation. Alternatively, the plant derived sterol may have been exerting

Copyright © 1999, 2009 PJ Barnes & Associates



6. LipipsIN Foobs AND Raw MATERIALS 219

its influence by an independent and as yet unknown mechanism and this
deserves further research.

Itisclear that we have neglected the plant sterol s as potentially important
dietary components and that much more needs to be known about their
physiological effects. Itiswell knownthat whereasbl ood chol esterol responds
to simple dietary changes (e.g. the ratio of n—6 PUFA to saturated fatty acids)
under well-controlled conditionsin metabolic experiments, it does not appear
beinfluenced very much by dietary changesin‘real life'. It may bethat normal
mixed diets contain many components (some of which, like the plant sterals,
are not nutrients) that influence blood cholesterol in either direction,
thereby damping down or obscuring the effects of changing dietary
fatty acid composition.

When | first wrote the article in Lipid Technology on which this section
is based, | expressed the opinion that the results presented here, though
important and interesting, may have more pharmaceutical than nutritional
relevance. Since then, however, a margarine called Benecol based on the
experimental one described above hasbeen launched by Raisioin Finland and
has become enormously successful. Unilever is about to launch a margarine
called Take Control containing soybean sterol ester. Both products have
passed review by the USFDA. No doubt other productswill follow. Theremay
be interest by food manufacturersin fortifying or supplementing other foods
with plant derived sterols, thereby extending the concept of functional foods
and the range of those foods available.
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