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Introduction

Despite the fact that mortality rates from coronary heart disease(CHD) have
markedly declined over the past two decades, CHD remains the leading cause of
death in this country and accounts for more than 500,000 deaths per year(1). In
1985, faced with increasing evidence demonstrating the adverse health
consequences associated with elevated blood cholesterol concentrations, the
National Heart, Lung, and Blood Institute launched the National Cholesterol
Education Program. In its initial report(2) entitled "lowering blood cholesterol to
prevent heart disease,” it was concluded that blood cholesterol concentrations are
"undesirably high in most Americans, in large part because of our high dietary
intake of calories, saturated fat and cholesterol.”" It was recommended that all

Figure 1. National Cholesterol Education Program
guidelines. Adapted from reference 3.
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Americans(with the exception of children under two years of age) be advised to
modestly reduce their intake of total fat, saturated fat and cholesterol. In a second
major report(3) entitled " Report of the National Cholesterol Education Program
Expert panel on Detection, Evaluation and Treatment of High Blood Cholesterol in
Adults," specific guidelines were provided to assist in the management of
hypercholesterolemia as outlined in abbreviated form in Fig. 1. First, it is
recommended that blood cholesterol be measured in all adults at least once every
five years. Based on these measurements, individuals are classified as having
desirable (< 200 mg/dl), borderline-high (200-239 mg/dl) or high (= 240 mg/dl) blood
cholesterol levels. These cutoff points are based on the risk associated with
various levels of serum cholesterol as determined in the Multiple Risk Factor



Intervention Trial(4) in which 6-year mortality from CHD was determined in
361,662 men aged 35-57(Fig. 2) These data show a continuous increase in CHD
mortality with increasing serum cholesterol levels that holds true for all ages and
for various risk factor subgroups (nonhypertensive nonsmokers, nonhypertensive
smokers, hypertensive nonsmokers, and hypertensive smokers). Individuals
classified as having high blood cholesterol levels should have lipoprotein levels
measured. In addition, persons with borderline-high levels who also have
definite coronary heart disease or two other risk factors for CHD (including male
sex), should also undergo lipoprotein analysis. Individuals who undergo
lipoprotein analysis are then classified as having desirable (<130 mg/dl),

Figure 2. Multiple Risk Factor Intervention Trial.

Adapted from reference 4.
i Smoking and Smokers A
15 Hypertension

L

=

Q

£

g

g 10f '
2 Hypertension
()

[

e

£

L

]

(Y

©

(=] g
5 oL

(3 & Nonsmokers

©

o

N

©

0

140 160 180 200 220 240 260 280 300 320 340

Serum cholesterol (mg/dl)

borderline-high (130-159 mg/dl) or high (= 160 mg/dl) LDL cholesterol levels.
Persons with high LDL cholesterol levels plus those with borderline-high levels
and the presence of definite CHD or at least two other risk factors for CHD are
candidates for medical advice and intervention using dietary modification as the
initial mode of treatment. Minimal goals of therapy are an LDL cholesterol < 160
mg/dl or < 130 mg/dl if CHD or two risk factors for CHD are present. Using this
algorithm, approximately one-third of the adult population, or 60 million people,
are candidates for intervention(5). Thus, in addition to the general
recommendation for all Americans to modestly reduce dietary cholesterol and
saturated fat, intensive dietary therapy aimed at lowering plasma LDL cholesterol



below specific target levels is recommended for the one-third of adult Americans
identified as being at particularly high risk for CHD by the algorithm outlined
above. Individuals unable to achieve their target LDL levels would be considered
for drug therapy although at somewhat higher cutoff points. The number of
persons who would be candidates for drug therapy could be quite large and will
depend on the success of diet therapy. In the following section I will review some
of the epidemiologic and clinical trial data linking diets rich in cholesterol and
saturated fat with elevated plasma cholesterol levels and increased mortality from
CHD. Subsequent sections will review data on how dietary cholesterol and fat
regulate plasma LDL concentrations and how elevated LDL concentrations may,
in turn, lead to the initiation and progression of atherosclerosis.

Figure 3. Adapted from referénces 10-21.
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Epidemiologic data linking diet, plasma cholesterol and CHD

Systematic comparisons of populations show large differences in diet,
plasma cholesterol concentrations and mortality from CHD(6-9). As illustrated in
Fig. 3, mean plasma cholesterol levels are identical at birth(65-75 mg/dl) in
populations from around the world(10-13). However, within the first few years of
life, plasma cholesterol concentrations begin to diverge among different
populations and these differences become even more pronounced by middle age.
At one extreme are Western populations where intake of saturated fat and
cholesterol is high. In these populations mean plasma cholesterol concentrations
rise to levels of 200-250 mg/dl and CHD is prevalent(4, 14). At the other extreme
are certain well-studied groups who because of their location and poverty subsist
on a near vegetarian diet containing virtually no saturated fat or cholesterol(15-



18). In these groups mean plasma cholesterol concentrations rise to only 110-120
mg/dl and CHD does not exist so far as can be determined. The majority of people
in the world including most of those living in Asia and in countries surrounding
the Mediterranean consume a diet containing about half the saturated fat and
cholesterol present in Western diets. In these populations mean plasma
cholesterol levels rise into the 160-180 mg/dl range and, as shown in Fig. 4, the
incidence of clinical CHD is approximately one-fifth to one-tenth of that in the
West(9, 19-21). Thus, in internatienal cross-sectional comparisons, death from
CHD correlates strongly with plasma cholesterol concentrations which, in turn,
correlate strongly with intake of saturated fat and cholesterol. Such correlations

Figure 4. WHO statistics, 1985.
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can also be demonstrated among individuals having the same genetic background
as most clearly shown in the Japanese emigration studies. As illustrated in Fig.
5, a stepwise increase in the intake of saturated fat and cholesterol, plasma
cholesterol concentrations and death from CHD was found among Japanese men
living in Japan, Hawaii and California(8). Other risk factors such as smoking,
hypertension and diabetes did not show this Japan-Hawaii-California gradient.

A similar gradient in the intake of saturated fat and cholesterol, plasma
cholesterol levels and CHD mortality is seen when comparing rural chinese,
chinese living in Beijing and chinese living in Hong Kong.



Figure 5. Adapted from reference 8.
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Since factors other than diet that might influence CHD risk are not
constant in these epidemiologic studies, randomized controlled intervention trials
have been undertaken to determine if a reduction in mortality from CHD can be
achieved by diet modification. There has been at least six single factor
randomized controlled trials of the effect of dietary intervention on serum
cholesterol and the incidence of CHD(22-27). None of these trials convincingly
showed an effect of diet on mortality from CHD. However, unlike the
epidemiologic data, where large differences in plasma cholesterol maintained
over a lifetime are related to the incidence of mortality from CHD, these clinical
trials are only able to assess whether minor reductions in plasma cholesterol
maintained for three to seven years decreases CHD. It is now apparent that these
trials were far too small to study the effects on major endpoints such as CHD
mortality and it has been determined that a single factor diet-heart study adequate
to provide definitive evidence would not be feasible because of considerations of
size, duration, adherence, confounding factors, and cost (> 1 billion dollars).

Although not a randomized trial in free-living people, the Finnish Mental
Hospital Study did show a significant effect of diet modification on plasma
cholesterol concentrations and mortality from CHD(28). This trial involved more
than 4000 patients in two separate hospitals. During the first six-year period, the
cholesterol and saturated fat content of the diet was reduced in one hospital while
the other hospital remained on the normal diet and served as the control. In the
second six-year period, the first hospital was returned to the normal diet and the
second hospital was placed on the experimental diet. In each hospital, plasma
cholesterol concentrations were reduced by about 15% and mortality from CHD by
greater than 50% during the six-year period on the experimental diet compared to
the six-year period on the normal diet(Fig. 6).



Figure 6. Finnish Mental Hospital Study.
Adapted from reference 28.
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The Oslo Primary Prevention Study examined the effect of diet and smoking
advice on the incidence of CHD in healthy normotensive men over 5 years of
followup(29). The dietary advise achieved a 50% net reduction in the intake of
saturated fat and cholesterol in the intervention group and mean plasma
cholesterol concentrations during the trial were 13% lower in the intervention
group. The corresponding net reduction for self-reported smoking cessation was
7%. At the end of the trial, death from CHD was reduced by 55% and all cause
mortality was reduced by 33%. It is difficult in multi-factor trials to determine the
contribution of each factor to outcome; nevertheless, in this study multivariate

Figure 7. The Lipid Research Clinics Primary
Prevention Trial. Adapted from references 30-31.
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analysis suggested that the cigarette factor accounted for at most 25% of the
reduction in CHD mortality. This trial was also significant in that it
demonstrated that diet modification could bring about a sustained reduction in
plasma cholesterol concentrations in free living men.

Finally, although not designed to test the efficacy of cholesterol-lowering
diets, the results of the Lipid Research Clinics Primary Prevention Trial provide
the most conclusive evidence on the potential for primary prevention of CHD
through reduction of elevated plasma cholesterol concentrations(30, 31). This
seven year trial in 3,806 men demonstrated that the incidence of death from CHD
could be reduced in middle-aged men by means of cholestyramine treatment. As
shown in Fig. 7, cholestyramine treatment produced a 12.6% greater reduction in
LDL cholesterol in the treatment group than in the placebo group. Those
achieving this modest reduction in LDL cholesterol levels had a 24% reduction in
CHD mortality compared to the placebo group.

Effect of dietary cholesterol on LDL metabolism

Epidemiological studies in human populations have suggested a strong
correlation between the intake of cholesterol in the diet and CHD. Although some
studies suggest that dietary cholesterol may play a role in atherosclerosis
independent of its effects on blood cholesterol(32, 33), the link between dietary
cholesterol and atherosclerotic lesions is thought to be primarily related to its
hypercholesterolemic effects. The effect of dietary cholesterol on plasma
cholesterol concentrations has been demonstrated repeatedly in metabolic ward
studies. Fig. 8, which summarizes the results of many of these studies, shows

mean changes in plasma cholesterol concentrations when various amounts of
!

Figure 8. Summary of results from several
metabolic ward studies showing the effect on
plasma cholesterol levels of adding various
amounts of cholesterol to low cholesterol
diets. Adapted from references 34-39.
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cholesterol are added to low cholesterol diets under metabolic ward conditions(34-
39). Over the range of dietary cholesterol intakes commonly seen in humans (0-
500 mg/day), mean plasma cholesterol concentrations increase linearly as
increasing amounts of cholesterol are added to the diet. On average, the rise in
plasma cholesterol concentrations is about 5 mg/dl for each 100 mg of cholesterol
that is added to the diet. Above 500 mg/day, increasing the amount of cholesterol
in the diet has a variable but generally smaller effect on plasma cholesterol
concentrations. The average cholesterol intake in Western diets is 400-500
mg/day. Thus, the addition of even large amounts of cholesterol to an ad libitum
Western diet may produce relatively little change in plasma cholesterol
concentrations. On the other hand, reducing dietary cholesterol from the usual
400-500 mg/day to 200-250 mg/day would lower plasma cholesterol concentrations
by 10-12 mg/dl and eliminating cholesterol from the diet would lower plasma
cholesterol by 20-25 mg/dl. In addition to the rigorously controlled metabolic ward
studies described above, several cholesterol feeding experiments have been
performed in outpatients and in some of these studies the changes in plasma
cholesterol concentrations in response to dietary cholesterol were nonsignificant
or were less than those predicted from the metabolic ward studies. In many of
these studies cholesterol was added to diets already containing significant
amounts of cholesterol and as pointed out above, doubling or tripling of the
amount of dietary cholesterol will not necessarily increase plasma cholesterol
levels if the initial amount of dietary cholesterol is already substantial. In
addition, documentation of compliance is more difficult in free-living individuals.
As would be expected, plasma cholesterol levels fall significantly when agents
that interfere with cholesterol absorption are administered(40-42).

Dietary cholesterol-induced changes in plasma cholesterol levels are due
mainly to changes in LDL cholesterol. Dietary cholesterol is not incorporated
directly into LDL but rather increases plasma LDL concentrations indirectly
through its effects on cholesterol metabolism in the liver. The relationship
between whole body cholesterol balance and LDL metabolism is illustrated in Fig.
9. Cholesterol absorbed from the diet, along with the large amount of triglyceride
present in the diet, is incorporated into triglyceride-rich chylomicron particles by
the enterocyte. Chylomicrons are transported to peripheral capillaries where the
triglyceride is hydrolyzed by the enzyme lipoprotein lipase liberating free fatty
acids which are taken up by adipocytes and muscle cells. After removal of most of
the triglyceride, the chylomicron remnant, which still contains all of the dietary
cholesterol, is cleared rapidly in the liver via a specific, high capacity chylomicron
remnant receptor pathway that recognizes apoprotein E(43-45). Like the small
intestine, the liver also secretes triglyceride-rich particles (called very low density
lipoproteins or VLDL), which are also transported to peripheral capillaries where
VLDL triglyceride undergoes the same fate as chylomicron triglyceride. After
removal of most of the triglyceride, the VLDL remnants circulate back to the liver
where they undergo one of two fates(46). Some of the VLDL remnants are cleared
rapidly by the liver through interaction of apoprotein E on the surface of the
remnant with lipoprotein receptors on hepatocytes. Most of the VLDL remnants,
however, are acted on by the enzyme hepatic lipase, which removes all remaining
triglyceride resulting in the formation of cholesterol-rich LDL particles.
Apoprotein B is the sole protein of LDL and is the ligand that is recognized by the
LDL receptor(47). LDL is cleared from plasma by receptor dependent and receptor
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independent pathways.
Under normal conditions,
about three-fourths of LDL
turnover is mediated by LDL
receptors, the vast majority
of which are located in

the liver, and the remainder
by receptor independent
pathways(48, 49). Receptor
dependent LDL uptake in
the liver is saturable and
can be regulated by dietary
and pharmacologic
manipulations. Thus,
plasma LDL concentrations
are determined largely by
events in the liver since the
liver is the source (via

VLDL) of LDL, is involved in the conversion of VLDL to LDL and accounts for
most of LDL clearance from the plasma via the LDL receptor pathway.

Cholesterol is an essential structural component of cell membranes and
serves as a precursor for steroid products such as bile acids and steroid
hormones. Thus, all tissues have ongoing requirements for cholesterol.
However, cholesterol is not a necessary component of the diet since the body can
synthesize all the cholesterol that it needs from dietary carbohydrate and fat. In
the absence of dietary cholesterol, total body cholesterol synthesis amounts to
about 1 gram per day and, in a steady-state, an equivalent amount of cholesterol is
eliminated from the body largely as biliary cholesterol and bile acids. The
addition of increasing amounts of cholesterol to the diet ultimately leads to an
increase in liver cholesterol which, in turn, can have profound effects on the
synthesis and catabolism of LDL(16, 48, 50-54). Approximately 30-50% of dietary
cholesterol is absorbed by the small intestine and in any given individual the
fraction of cholesterol that is absorbed remains constant over a wide range of
cholesterol intakes. Absorbed cholesterol is delivered quantitatively to the liver via
the chylomicron remnant receptor which, in contrast to the LDL receptor
pathway, is not regulated by cellular cholesterol. As cholesterol accumulates in
the liver, the liver responds by reducing de novo cholesterol synthesis rates and, if
necessary, by suppressing the LDL receptor pathway. Both of these compensatory
changes protect the liver from becoming further overloaded with cholesterol.
Unfortunately, however, suppression of hepatic LDL receptors leads to an
increase in circulating LDL levels. In addition, dietary cholesterol increases the
rate at which LDL is produced(53) thereby further increasing plasma LDL

concentrations.

A remarkable feature of all cholesterol feeding studies, including metabolic
ward studies, is the marked variability of response to dietary cholesterol(55-57).
Thus, in response to a given amount of dietary cholesterol, some individuals will
have a marked increase in plasma cholesterol concentrations while others will
have little change and most will have an intermediate response. As an example,
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Figure 10. Individual variation

in response to dietary cholesterol.
Redrawn from reference 57.
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Fig. 10 shows the serum cholesterol response in 32 subjects when dietary
cholesterol was increased from ~120 mg/day to ~700 mg/day(57). Several
individuals showed no response to the dietary cholesterol, others showed a
marked response of over 35 mg/dl and most showed intermediate responses.
Since all subjects were on the same diets, and since other environmental
influences were similar (exercise, alcohol intake, etc.), these differences in
response to dietary cholesterol presumably represent (to a large degree)
variations at gene loci involved in the absorption or metabolism of cholesterol. In
addition, since individual responses to dietary cholesterol are normally
distributed(55-57), the genetic effect is assumed to be polygenic, ie., caused by the
contribution of several genes with small additive effects. (Although certain single
gene defects, like mutations in the LDL receptor gene, may have large ‘effects on
lipoprotein levels, the frequency of these genes is small and they account for only a
small fraction of the variability in the population at large.)

A number of family and twin studies have examined the contribution of
heredity and environment to blood cholesterol and lipoprotein variability. These
studies indicate that genetic factors account for most of the variation in plasma
cholesterol and lipoprotein concentrations in Western populations where everyone
consumes a similar diet(58, 59). However, these genetic factors appear to be
strongly interactive with the environment, especially the composition of the
habitual diet. Thus, much of the variability in plasma cholesterol levels may be
due to genetically determined differences in responsiveness to environmental
factors such as a high cholesterol, high saturated fat diet. Variability of response
to dietary cholesterol occurs in all species that have been examined; however, this
phenomena has been studied most extensively in non-human primates. As an
example, Fig.11 shows plasma LDL cholesterol concentrations in 78 cynomolgus
monkeys when fed low and high cholesterol diets. Mean plasma LDL cholesterol
concentrations are about 50 mg/dl on the low cholesterol diet and rise to over



Figure 11. Variability of response to dietary
cholesterol in 78 Cynomolgus monkeys.
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200 mg/dl on the high cholesterol diet. More striking is the enormous variability
in response to dietary cholesterol with LDL cholesterol concentrations on the high
cholesterol diet varying over a ten-fold range. Since all animals were treated
identically and consumed the same diets, this variability in response to dietary
cholesterol is due largely to genetically determined differences. This genetic effect
is presumably polygenic since responsiveness to dietary cholesterol is normally
distributed(insert). As expected, when maintained on the high cholesterol diet for
prolonged periods of time, animals with high plasma LDL concentrations develop
much more extensive atherosclerosis than animals with low LDL levels(60). The
genetic differences that account for variable responsiveness to dietary cholesterol
are not known. Recent studies have been unable to show any differences in the
regulation of the LDL receptor pathway or de novo cholesterol synthesis between
high and low responding monkeys. The most consistent difference between high
and low responding monkeys that has been documented to date is enhanced
absorption of dietary cholesterol in the high compared to the low responding
animals(61, 62). Similarly, as shown in Fig. 12, cholesterol absorption efficiency
has been shown to correlate with plasma cholesterol and LDL concentrations in
humans(52, 63).



Figure 12. Relationship between
cholesterol absorption efficiency
and Plasma LDL-cholesterol in
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Effect of dietary fats on LDL metabolism

The amount and, more importantly,
the kind of fat in the diet have well-
documented effects on plasma lipid levels.
Fats are divided into major classes
based on the type of fatty acids that
predominate, ie., saturated, mono-
unsaturated or polyunsaturated. The main
saturated fatty acids in animal and vegetable
fats include lauric(C12:0, ie.,12 carbons, no
double bonds), myristic(C14:0),
palmitic(C16:0) and stearic(C18:0) acids.
Oleic acid(C18:1) is the predominant
monounsaturated fatty acid in animal and
vegetable fats whereas linoleic acid(C18:2) is
the main polyunsaturated fatty acid in liquid
vegetable oils. That the quantity and type of
fatty acids in the diet strongly influences
plasma cholesterol and LDL concentrations
was first documented in the 1950's by several
investigators(64, 65, 66). The most
comprehensive series of studies, however,
was carried out in the mid 1960's by Keys et
al.(37) and Hegsted et al.(38). In these
studies, volunteer men from mental hospitals
were kept in locked metabolic wards and fed a
series of experimental diets (each alternating

with a control diet) over a period of several years. Fig. 13 summarizes the general
pattern of responses seen in these studies. Plasma cholesterol concentrations
averaged about 225 mg/dl on the usual (control) diet containing about 40% of
calories from fat (one-third saturated and two-thirds unsaturated). Under
circumstances where dietary cholesterol was constant, replacing most of the fat
in the control diet with a highly saturated fat such as coconut oil raised plasma
cholesterol concentrations by about 50 mg/dl. On the other hand, replacing most
of the fat in the control diet with a polyunsaturated vegetable oil such as safflower
oil lowered plasma cholesterol levels by about 50 mg/dl. Similar reductions,
although not always as dramatic, were seen when olive oil or carbohydrate were
substituted for fat in the control diet. As shown in panel B, when added to a low
fat diet, saturated fats markedly raise plasma cholesterol levels whereas
polyunsaturated and monounsaturated fats modestly lower plasma cholesterol.
Thus, mean plasma cholesterol levels in a group of individuals can be changed by
more than 100 mg/dl by altering the amount and/or the type of fatty acids in the
diet. Since the average American diet falls approximately midway between these
two extremes, reductions of 40-50 mg/dl are at least possible in most individuals by
altering the type and/or the amount of fatty acids in the diet. As discussed above,
even greater reductions in plasma cholesterol are possible if the cholesterol

content of the diet is also decreased.

Although saturated fats generally raise plasma cholesterol and LDL levels,
the magnitude of this effect varies widely depending on the fatty acid composition

12
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Figure 13. Adapted from references 37-38.
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of the fat. Many saturated fats actually contain substantial amounts of
unsaturated fatty acids. For example, most animal fats contain about 50%
saturated and 50% unsaturated fatty acids. Important exceptions include butter
fat which is more highly saturated and marine lipids which are less saturated.
In addition, the saturated fatty acids in common saturated fats vary in chain
length from 4 to 18 carbons and the chain length of a fatty acid markedly
influences its effects on plasma cholesterol concentrations. The relative
cholesterol elevating activity of saturated fatty acids of various chain lengths is

Figure 14. Hypercholesterolemic
effects of individual saturated fatty
acids. Adapted from references

37, 38, 67,69.
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summarized in Fig.14. Saturated fatty
acids with 10 or fewer carbons have
essentially no effect on plasma cholesterol
concentrations(67). The practical
significance of this is limited since most
commonly used saturated fats contain
relatively small amounts, if any, of these
fatty acids. These fatty acids are absorbed
directly into the portal vein(rather than
incorporated into chylomicrons as are
longer chain fatty acids), but whether this
accounts for their lack of effect is not
known. Stearic acid(C18:0) also has
essentially no effect on plasma cholesterol
levels(38, 68). Indeed, Bonanome and
Grundy recently showed that stearic acid
was equivalent to oleic acid in its effect on
plasma lipoproteins and suggested that
the reason may be rapid conversion of
stearic acid to oleic acid in the body(69). In
this country, the highest amounts of
stearic acid are found in cocoa butter
(~34%) and beef fat (~18%). Consequently,



Figure 15. Amount of cholesterol elevating saturated fatty acids
in several common saturated fats.
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beef and chocolate are somewhat less hypercholesterolemic than might be
expected based on their total saturated fatty acid content(70). Thus, the cholesterol
elevating effect of saturated fats is due entirely to their content of lauric(C12:0),
myristic(C14:0) and palmitic acids(C16:0). Fig. 15 shows the amount of these
cholesterol elevating fatty acids in several common animal and vegetable fats.

The so called tropical oils are saturated vegetable oils that together account
for about 7% of the fat consumed in this country. These oils include coconut oil,
palm kernal oil, palm oil and cocoa butter. Of these, coconut o0il and palm kernal
oil are among the most hypercholesterolemic of all saturated fats (on a per gram
basis) due to their high content of cholesterol elevating saturated fatty
acids(Fig.15). Palm oil and cocoa butter are somewhat less hypercholesterolemic
due to substantial amounts of oleic and/or stearic acids.

Hydrogenated vegetable oils(primarily hydrogenated soy bean oil) account
for nearly 15% of the fat consumed in this country(71). Hydrogenation is used to
convert liquid oils to semisolid fats, which facilitates their formulation into
margarines and shortenings. Linoleic acid(C18:2) is the main polyunsaturated
fatty acid in vegetable oils and exists in the cis configuration, ie., the hydrogen
atoms are on the same side of the double bonds causing a kink in the fatty acid.
During hydrogenation, fatty acid isomers are formed in which some of the double
bonds have been rearranged from the cis to the trans configuration and in which
the double bonds have migrated to new positions along the fatty acid chain.
Typically, 10-15% of cis linoleic acid is converted into trans oleic acid whose
physical properties(melting point, etc.) more closely resemble a saturated than an
unsaturated fatty acid. The widespread usage of partially hydrogenated vegetable
oils in the U.S. has prompted a great deal of interest in the nutritional,
biochemical and toxicological effects of trans fatty acids. Overall, it has been
difficult to demonstrate any adverse consequences of consuming hydrogenated
vegetable oils. In general, partially hydrogenated vegetable oils have little effect
on plasma cholesterol levels(36) and in this respect appear to be a good substitute
for saturated fats such as butter, coconut oil and palm kernal oil, which have
marked hypercholesterolemic effects.

A great deal of discussion still surrounds the role that unsaturated
vegetable oils should play in a cholesterol lowering diet and whether any of the
many preparations available offer any advantages over the others. Fig.16 shows
the fatty acid composition of several common unsaturated vegetable oils. Canola

14
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Figure 16. Fatty acid composition of common unsaturated vegetable oils.
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oil and olive oil contain predominantly oleic acid (monounsaturated) whereas the
other oils contain mainly linoleic acid (polyunsaturated). The large series of
experiments by Keys et al. and Hegsted et al. discussed above suggested that
polyunsaturated fats may lower plasma cholesterol levels more effectively than
monounsaturated fats when used to replace saturated fat in the diet. More recent
studies directly comparing the effects of these two types of fats indicate that at
ordinary intakes, polyunsaturated and monounsaturated fatty acids have
essentially identical effects on plasma lipoprotein levels(72). At very high intakes,
polyunsaturated fatty acids, but not monounsaturated fatty acids, appear to
reduce HDL levels(73). Thus, the highly polyunsaturated vegetable oils appear to
offer no advantage over the monounsaturated oils. Since liquid vegetable oils tend
to lower plasma cholesterol levels, these oils need not be restricted from the
standpoint of their effects on plasma cholesterol(74-78). On the other hand, these
fats contribute nine calories per gram and provide essentially no other nutritional
benefits. Thus, the major emphasis should be on a shift from foods rich in
saturated fat and cholesterol to whole grains, fruits and vegetables. These later
foods contain no cholesterol and only small amounts of fat, which are
predominantly unsaturated. Furthermore, these foods are rich in fiber which
may exert a favorable influence on plasma lipoprotein levels. High-carbohydrate,
low-fat diets have been associated with reductions in HDL levels in some(74, 76,
77, 79), but not all(75, 78, 80, 81), studies. This may be a transient phenomena as it
seems to be less common in the longer term studies. In addition, the significance
of diet-induced changes in HDL levels is not known since diet induced changes
are due to changes in the production of the major apoprotein of HDL whereas
differences in HDL levels among people on the same diet reflect differences in the
catabolism of this protein(82).

The apparent low incidence of CHD in Greenland Eskimos has stimulated
interest in the potential beneficial effects of their unusual diet, which consists
largely of seal, whale and fish(83, 84). Although this diet is rich in cholesterol
and fat, the fat is unique in that it contains large amounts of the long-chain -3
polyunsaturated fatty acids eicosapentenoic acid(C20:5) and docosahexaenoic
acid(C22:6)(Fig. 17). These fatty acids affect all cell membranes and modify
prostaglandin and leukotriene formation(85). As a consequence, they have a
variety of biologic activities that include effects on platelet function, inflammation
and blood lipid levels. When used to replace saturated fat in the diet, fish oil
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Figure 17. Structure and dietary source of w-6 and @-3 polyunsaturated

fatty acids.
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lowers plasma cholesterol levels as effectively as polyunsaturated vegetable oil
despite the fact that fish oil contains some cholesterol. Indeed, purified
preparations of ®-3 polyunsaturated fatty acids are significantly more active than
-6 polyunsaturated fatty acids(64, 86). Importantly, neither fish oil nor
polyunsaturated vegetable oils(in reasonable amounts) significantly reduce
plasma cholesterol levels when simply taken as a supplement to the usual
Western diet and in some hypertriglyceridemic patients, fish oil supplements
may actually raise plasma LDL levels(87). In contrast to polyunsaturated
vegetable oil, fish oil markedly reduces plasma triglyceride levels. The effect of
fish oil on platelet function is likely the result of alterations in prostaglandin
metabolism(85). Ordinarily, dietary linoleic acid is converted to arachidonic acid
which is the precursor of the "2" series prostaglandins. Platelets generate
thromboxane Ag, which causes platelet aggregation and vascular smooth muscle
constriction whereas blood vessel endothelium produces prostacyclin(PGIy),
which has the opposite effects. Eicosapentaenoic acid inhibits the cell membrane
formation of arachidonic acid and substitutes for it giving rise to the "3" series
prostaglandins and reducing "2" series prostaglandins. This leads to a moderate
hemostatic defect since PGIg is almost as potent as PGIg whereas thromboxane
Agj is hardly, if at all, biologically active. Indeed, when fed in sufficient
amounts(3.6 gram/day or more of w-3 fatty acid for at least two weeks) fish oil
prolongs the bleeding time.

A major question regarding fish oil is whether any of its many biological
effects is important clinically. In cross-sectional surveys, there generally is an
inverse relationship between fish consumption and CHD. Within populations,
some prospective trials have shown an inverse relationship between fish
consumption and CHD mortality(88, 89) whereas others have not(90, 91). In a
recent randomized controlled trial in men who had recovered from myocardial
infarctions(Fig. 18), advice to increase fish intake led to a 4-fold increase in the
intake of ®-3 polyunsaturated fatty acids that was associated with significant
reductions in total(27%) and CHD(36%) mortality at the end of 2 years(92). In
animals, fish oil has been shown to retard the development of CHD when added as



Figure 18. Effect of advice to eat fish & Supplement to an atherogenic diet(93).
ong;-;ear mortality in men who had In a dog vein-graft model, intimal
recovered from myocardial proliferation was inhibited by fish oil
infarction (reference 92). compared to aspirin-dipyridamole(94).
Recently, several trials have examined
the effect of fish oil supplements on the
Total p<0.05 | rate of early restenosis following
CHD p < 0.01 ' ' angioplasty. Dehmer et al. from this
: ' institution showed that fish oil
: significantly reduced the incidence of
early vessel restenosis following
angioplasty(95) although two subsequent
studies have failed to confirm these
findings(96, 97). The positive results of
Dehmer et all may be related to the fact
Fish  Nofish Fish Nofish that they began with a population at
advi vice  advice .advice  pelatively high risk for restenosis, that
the fish oil supplement was started 7

days before angioplasty and that the incidence of stenosis was determined by
performing followup arteriography in all patients. Taken together, these studies
suggest that modest fish intake (two to three times per week) may favorably
influence atherosclerosis and CHD. Whether supplementing the diet with fish oil
capsules will have a similar effect is not known but is not recommended at the
present time.

Although dietary fatty acids have been known to alter plasma cholesterol
and lipoprotein levels for several decades, their mechanism of action is not well
understood. As discussed above, the concentration of LDL in plasma is
determined by the rate at which LDL is produced relative to the rate at which LDL
is removed from plasma. In humans, replacement of saturated fatty acids with
polyunsaturated fatty acids or with carbohydrate appears to favorably influence
both of these processes, ie., removal of LDL from plasma is increased and LDL
production is decreased(98, 99, 100). The same pattern is seen in animal studies
where the increase in LDL clearance can be shown to be due to an increase in
receptor dependent LDL uptake by the liver(54, 101). This results in a fall in LDL
concentrations and a transient increase in the amount of LDL-cholesterol that is
delivered to the liver, which is apparently eliminated in the bile as biliary
cholesterol or bile acid(102-105). As plasma LDL levels fall, however, a new
steady-state is achieved in which an increased number of hepatic LDL receptors
results in the uptake of LDL cholesterol at the same rate as before but now at a
lower plasma LDL concentration. In the long term, the type of fat in the diet
appears to have relatively little effect on cholesterol absorption, total body
cholesterol synthesis, bile acid synthesis or biliary cholesterol output(106).

Although liquid and partially hydrogenated vegetable oils can be used in
cooking and baking to replace more hypercholesterolemic fats, these oils still
provide nine calories per gram of fat and as such pose a problem for those trying
to lose weight. Thus, there is a great deal of interest in developing nonabsorbable
fats. Sucrose polyester(Olestra) is a nonhydrolyzable fat developed by the Proctor
and Gamble Company that will probably be the first product of its kind approved
by the FDA. Sucrose polyester is a mixture of hexa-, hepta- and octa-esters that
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are formed by esterification of sucrose with long chain fatty acids. It has the
appearance and physical properties of conventional fats but differs in that it
cannot be hydrolyzed by pancreatic enzymes(107) and as a consequence is not
absorbed(108). When substituted for dietary triglycerides or when added to the
normal diet, sucrose polyester has been shown to reduce plasma LDL
concentrations in humans(109-114). This effect appears to be secondary to a
reduction in the absorption of dietary and biliary cholesterol resulting from the
partition of cholesterol in the intestinal lumen between the micellar and sucrose
polyester oil phases; cholesterol retained in the unabsorbable oil phase of sucrose
polyester is excreted. Sucrose polyester does not interfere with the hydrolysis or
absorption of dietary triglycerides. The consistency of sucrose polyester can be
varied from liquid to semisolid depending on the fatty acids that are esterified to
sucrose. Liquid formulations tend to have a mild cathartic effect; however,
substitution of up to 50% or more of the fat in the diet with sucrose polyester seems
to be well tolerated. Whether sucrose polyester will be useful in long-term weight
reduction is not known. However, if substituted for conventional fats, it should
have a favorable effect on plasma lipoprotein levels.

Role of elevated LDL concentrations in the initiation and progression of
atherosclerosis

The arterial intima is the cell layer principally involved in athersclerosis.
The earliest recognized gross lesion of athersclerosis is the fatty streak which is
first observed at about ten years of age in the coronary arteries. Fatty streaks are
characterized by an accumulation of cells loaded with cholesteryl esters(foam
cells) just beneath the endothelium. Although the precise cellular and
biochemical mechanisms are not understood, it is now clear that most foam cells
arise from circulating monocytes that have taken up residence beneath the
vascular endothelium and that the plasma is the source of most of the cholesteryl
ester present in atherosclerotic lesions(115-120). With time, fatty streaks may
progress to fibrous plaques, which are characterized by an accumulation of
cholesteryl esters (both intra and extracellular), smooth muscle cells and
connective tissue. These lesions may become further complicated as a result of
cell necrosis, calcification and hemorrhage. The response to injury hypothesis,
which is one of the oldest and most widely accepted theories on the pathogenesis of
atherosclerosis, is based on the similarity between atherosclerosis and the
response of arteries to experimental injury. In this theory, injury to endothelial
cells exposes the subendothelial space to platelets and plasma lipoproteins. As a
consequence, lipid accumulates and platelet derived growth factors lead to the
proliferation of smooth muscle cells and connective tissue. More recently, from
the work of Drs. Brown and Goldstein, it has become apparent that high LDL
concentrations (resulting from a single gene defect) uniformly results in
premature athersclerosis suggesting that infiltration of plasma LDL from the
bloodstream into the vessel wall may be sufficient in and of itself to initiate the
process of athersclerosis.

LDL has been shown to accumulate in atherosclerotic lesions both in
animals and in humans(116, 118, 119). The amount of LDL in the subendothelial
space is determined by the rate of LDL influx relative to the rates of LDL
degradation and LDL efflux from the arterial wall. LDL is transported across
endothelial cells by vesicular transport and the flux of LDL across the
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endothelium into the intima is directly proportional to the concentration of LDL in
plasma(121) In addition, the flux of LDL into the intima is generally higher in
areas prone to develop fatty streaks than in areas more resistant to fatty streak
development. Thus, when animals are placed on a high cholesterol diet, the rate
of LDL entry into the subendothelial space increases in direct proportion to the
increase in circulating LDL levels. Although rates of LDL degradation and LDL
efflux from the arterial wall also increase under these circumstances they do not
keep pace with influx and LDL begins to accumulate(122). Thus, the first
detectable alteration in the arterial intima in an area destined to become a fatty
streak is an increase in the content of LDL. Subsequently, blood monocytes adhere
to the overlying endothelium, penetrate into the subendothelial space and become
engorged with lipid to become foam cells.

Another series of studies has examined the mechanisms by which
monocytes and monocyte-derived tissue macrophages are converted to foam
cells(123, 124). Although monocyte/macrophages take up LDL through the classic
LDL receptor pathway, these cells express a relatively limited number of receptors
for native LDL and the receptors they do have are under feed-back regulation by
cellular cholesterol. Thus, monocyte/macrophages in culture cannot be converted
to foam cells even when incubated with high concentrations of native LDL(123).
Subsequently, Drs. Brown and Goldstein and coworkers described a second
receptor on monocyte/macrophages that did not recognize native LDL but rather
recognized LDL that had been modified chemically by acetylation(125). This
receptor, termed the scavenger or acetyl LDL receptor, is not subject to feedback
regulation by cellular cholesterol and has been found only on monocyte/macro-
phages, Kupffer's cells and liver sinusoidal endothelial cells. Thus, when offered
to monocyte/macrophages in vitro, chemically modified LDL, but not native LDL,
leads to the accumulation of large amounts of cholesteryl esters and eventually to
foam cell formation. Subsequently, other chemical modifications, such as
treatment with the lipid peroxidation product, malonaldehyde, were found to
convert native LDL into particles recognized by the scavenger receptor(126). These
modifications have in common the alteration of lysine residues of apoprotein B
which results in an increase in the net negative charge of LDL.

Since none of these chemical modifications are likely to occur in vivo
attention has been focused on modifications of LDL that could potentially occur in
the arterial wall in vivo ("biologic modification") and account for foam cell
formation. In this regard, cell-induced oxidation of LDL has been best studied.
When LDL is incubated with cultured endothelial cells it undergoes a series of
physical and chemical changes that result in its recognition and rapid uptake by
scavenger receptors on cultured macrophages(124). Similar oxidative
modification of LDL can also be produced by incubating LDL with cultured smooth
muscle cells or monocyte/macrophages. Thus, the three major cell types in the
artery wall can convert LDL in vitro to a form recognized by the scavenger
receptor. During cell-induced oxidation of LDL, the initiating step is the
peroxidation of polyunsaturated fatty acids in the 2-position of phospholipids, a
step that appears to involve phospholipase Ag, which is carried in the LDL
particle itself, and cellular lipoxygenases(127, 128). The chemical alterations that
take place during oxidative modification of LDL include 1) complete depletion of
vitamin E carried in the LDL particle followed by extensive conversion of lecithin
to lysolecithin, 2) generation of lipid peroxidation products some of which



covalently bind to lysine groups on apoprotein B and thereby increase the net
negative charge of LDL and 3) fragmentation of apoprotein B(124, 129, 130). It
should be noted that cell-induced oxidative modification of LDL has only been
demonstrated in in vitro studies and requires the complete absence of
antioxidants and the presence of at least low concentrations of copper or iron in
the medium. The addition of plasma strongly inhibits cell-induced oxidation
suggesting that if this process occurs in vivo, it must take place extravascularly in
microenvironments where antioxidants might become depleted.

Two lines of evidence suggest that oxidative modification of LDL does occur
in vivo and plays a pathogenetic role in atherosclerosis. First, LDL can be
detected in atherosclerotic lesions of animals and humans that has many of the
characteristics of LDL that has been oxidatively modified in vitro(131-133). In

addition, when extracted from atherosclerotic
Figure 19. Effect of Probucol lesions, this LDL is rapidly taken up via scavenger
on atherosclerosis in hyper-  receptors on monocyte/macrophages but is not
cholesteroemic rabbits (ref-  recognized by the LDL receptor. Second, the
erence 134). antioxidant probucol has been shown to selectively
—————  inhibit LDL degradation in macrophage-rich fatty
P streaks and to retard the progression of
atherosclerosis in rabbits that have high LDL levels
due to a genetic lack of functional LDL
1 receptors(134, 135). Probucol is a strong
antioxidant that is transported in the LDL particle
itself and effectively blocks the oxidative
1 modification of LDL in vitro. Since probucol is
also a lipid lowering agent, the effect of probucol
was compared to a dose of lovastatin that produced
a similar reduction in plasma cholesterol levels.
In addition to oxidative modification, LDL in the
arterial intima may become modified through
interaction with various components of the matrix
(collagen, elastin and proteoglycans) so as to be
rapidly taken up by macrophages(118, 136).

A very early event in experimental
atherosclerosis is the adherence of circulating
monocytes to arterial endothelial cells followed by
migration into the subendothelial space at sites
destined to become fatty streaks. Oxidized LDL may
be involved in the recruitment and retention of macrophages since, at least in
vitro, it is a potent chemoattractant for monocytes and reduces the mobility of
resident macrophages. In addition, monocyte/macrophages from
hypercholesterolemic animals are much more adhesive to normal endothelial
cells than are monocyte/macrophages from normocholesterolemic animals(137).
Finally, hypercholesterolemia may induce a receptor (adherence molecule) on
endothelial cells that specifically binds circulating monocytes (Dr. Gimbrone,
University lecture series, 1990).

Together, these studies suggest that a high plasma LDL concentration
may, in and of itself, lead to the formation of fatty streaks and atherosclerosis.
High circulating LDL concentrations lead to the retention of LDL in the arterial
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intima. (Susceptible sites of the arterial tree appear to be more permeable to LDL
than nonsusceptible sites.) In the intima, LDL is modified so as to be rapidly
taken up by monocyte/macrophages via the scavenger receptor or by phagocytosis
leading to the formation of foam cells. Modification of LDL probably occurs in part
through oxidation and in part through interaction with matrix components.
Subsequently, macrophage-smooth muscle cell interactions, platelet-macrophage
interactions and platelet-endothelial cell interactions lead to the development of
more advanced proliferative lesions(138).

Regression of atherosclerosis

Since athersclerosis is present to some degree in the coronary arteries of
most adult males and of many females over the age of fifty, any hope of benefit
from dietary therapy must be based, to a large degree, on the possibility that
existing lesions can be made to regress or at least be stabilized. Several studies
have been undertaken to examine the hypothesis that lowering plasma cholesterol
concentrations reduces the rate of progression of coronary athersclerosis as
measured angiographically. In only one of these was plasma cholesterol levels
lowered by diet alone(139). In this uncontrolled trial, 39 men with angina and a
least one vessel with 50% stenosis were placed on a low saturated fat low
cholesterol diet for two years at which time they underwent repeat coronary
arteriography. Dietary therapy achieved a mean reduction in plasma cholesterol
concentrations of 10%. Overall, 21 patients showed no lesion growth and 18
showed progression of disease and there was a significant correlation between
lesion growth and the total cholesterol/HDL cholesterol ratio. Since there was no
control group, even this later correlation is hard to interpret. Much greater
reductions in plasma cholesterol levels for longer periods of time have been
achieved using drug therapy. In the NHLBI Type II Coronary Intervention Trial,
116 patients were randomized to cholestyramine (which produced a mean
reduction in plasma LDL cholesterol of 26%) or to placebo(140). After 5 years, 25%

. ) of the cholestyramine group and 35% of the
Eﬁugﬁﬁg A’E&em(s)(ligl%:?serol placebo group showed definite evidence of
Study (reference 141). progression, a difference that did not achieve

statistical significance. Even greater changes in
plasma lipoprotein levels(43% reduction in LDL-

200 1 cholesterol, 37% increase in HDL cholesterol)
2] Stable were achieved in the Cholesterol-Lowering

2 B improved Atherosclerosis Study(CLAS), a randomized,
§_ 6of ‘1 71 placebo-controlled trial testing combined
o E colestipol and niacin therapy in 162 men with
g3 previous coronary bypass surgery(141). After
gf_'- 40 1 two years, drug therapy resulted in significant
= reductions in the average number of lesions per
£~ patient that progressed, the percentage of
8 20 1 subjects with new atheroma formation in native

coronary arteries, and the percentage of subjects
with new lesions in bypass grafts; perceptible
improvement in overall coronary status
occurred in 16% (compared to 2% of controls).
This trial shows that large changes in plasma

21



22

lipoprotein levels can produce stabilization and in some cases improvement in
coronary atherosclerosis. However, it is unlikely that the changes in plasma
lipoprotein levels achieved in this study could be produced by diet therapy alone.
A large number of regression studies have been performed in a variety of
animal models. In these studies, regression is usually studied after
atherosclerosis has been induced by a high-fat, high-cholesterol diet. In general
these many studies indicate that the occurrence of regression is related both to the
severity of the lesions and to the degree to which plasma cholesterol levels can be
lowered. Fatty streaks and relatively uncomplicated lesions regress completely
even at plasma cholesterol levels in the 200-300 mg/dl range(142, 143). However,
complicated fibrocalcific lesions seem to regress very slowly, if at all, even when
plasma cholesterol levels are reduced to very low levels. Taken together these
studies suggest that modest reductions in plasma cholesterol concentrations
begun early in life may slow the progression of athersclerosis to the point that it
may never become a clinical problem. However, once complicated lesions have
developed, much more drastic reductions in plasma cholesterol concentrations
may be necessary in order to achieve regression or even stabilization of disease.

S

It is now clear that an elevated concentration of LDL in plasma is sufficient
to lead to the initiation and progression of atherosclerosis and that lowering LDL
levels can reduce the risk of CHD. Epidemiologic data and population migration
studies suggest that the high mean plasma LDL concentrations in this country
are due in large part to the high intake of saturated fat and cholesterol.
Individual variation in plasma LDL concentrations in this country is due largely
to hereditary factors, the most important of which may be genetically determined
differences in response or susceptibility to the Western diet. Based on risk of
death from CHD, at least one-third of adult Americans have undesirably high
plasma LDL concentrations and diet modification is the primary mode of therapy.
Although simple conceptually, diet therapy is probably best carried out under the
supervision of a dietician. Diet therapy primarily involves a shift from foods rich
in saturated fat and/or cholesterol to whole grains, fruits and vegetables. Such
diet modification has great potential for reducing plasma LDL levels and the risk
of clinical CHD. However, compliance is a major problem, especially in
asymptomatic young adults where the potential long-term benefits are probably
the greatest.
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