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The lipoproteins: predictors, protectors, and pathogens
BARRY LEWIS

Low density lipoproteins (LDL) and high density lipo-
proteins (HDL) together carry more than 90'', of the
cholesterol in plasma. Independent but interacting, antago-
nistic but closely associated, they are the "Odd Couple" of
plasma. The epidemiological aspects of their associations
with coronary heart disease have been studied in depth;
these associations are strong, predictive, and independent of
other risk factors, as we expect of causal relations.'

Concentrations of LDL cholesterol are directly related to
and are predictive of the risk of coronary heart disease over a
wide age range2; this underlies the association between
coronary heart disease and serum cholesterol,3 6 for the latter
reflects LDL concentrations. Mortality rates from coronary
heart disease in different communities are directly and
linearly correlated with serum concentrations of cholesterol
and LDL cholesterol.7 HDL cholesterol concentrations are
even more strongly predictive of the risk of coronary heart
disease in most,2 M " but not all,'0 studies, the relation being
inverse; but, unlike LDL, HDL cholesterol concentrations
do not correlate inversely with mortality rates from coronary
heart disease in different countries.7

Thcse associations have prompted extensive research on
ways in which lipoproteins might influence the atherosclerotic
and thrombotic processes. HDL and LDL particles are hetero-
geneous, and recent findings suggest that specific subclasses
are selectively related to coronary heart disease. Of the three
metabolically distinct subclasses of HDL,"1 most cholesterol
is carried by HDL3; concentrations of the small HDL.,
fraction are particularly low in coronary heart disease.'2 13
HDL is characterised by the functionally important poly-
peptide apolipoprotein E.l Earlier descriptions of LDL
included several lipoproteins: these comprised intermediate
density lipoprotein (IDL) and true LDL, the latter including
up to four fractions' often grouped into "light" and "heavy"
subclasses. Very low density lipoprotein, rich in triglyceride,
is partially converted, via IDL, to LDL within plasma'" "';
the cascade is associated with loss of triglyceride and other
components including apolipoprotein E. Heavy LDL may be
the final product.2' Concentrations of light LDL and IDL
appear to be selectively increased in coronary heart disease.2' 23
The composition and size of light LDL are closer to those of
the plasma LDL of monkeys fed an atherogenic diet24; the
latter causes greater accumulation of cholesterol in cultured
cells than unmodified LDL.25
LDL and IDL enter the arterial intima from plasma in

man at rates directly related to their plasma concentrations2" 27
and accumulate particularly in regions already atheromatous.27
Endothelial injury greatly enhances this process, and may
itself be caused experimentally by raised concentrations of
plasma lipids.28 The cholesterol of atheromatous lesions is

principally derived from plasma.29 The interactions of LDL
with cells of atheromatous plaques have been studied in some
detail. Smooth muscle cells and fibroblasts have receptors
that mediate uptake of LDL30-32; its cholesterol is released
by lysosomal degradation. Macrophages lack these receptors
but acquire lipoprotein cholesterol by other processes,
including receptor mediated uptake of altered LDL. In
contact with cultured endothelial cells, LDL is modified
(acquiring increased negative charge), permitting macro-
phages to degrade it.3 Much of the LDL extractable from
atherosclerotic lesions is charge modified.34
At the higher tissue concentrations resulting from pro-

nounced hyperlipidaemia substantial amounts of LDL enter
macrophages and other cells independently of receptors-by
fluid phase endocytosis3 and other processes. The foam cells
of atheromatous plaques and xanthomas result from accumula-
tion of lipoprotein lipids by these processes, and their
degeneration leads to the extracellular lipid deposits of
atherosclerosis.3"

Other mechanisms

These, then, are some of the mechanisms underlying the
association between high concentrations of LDL, coronary
heart disease, and atherosclerosis.37 LDL may also contribute
to other aspects of atherosclerosis by further actions. LDL,
particularly light LDL in man and in animals fed cholesterol,
is selectively mitogenic to arterial smooth muscle38; studies on
cultured cells suggest that LDL and other mitogens derived
from platelets and endothelium might lead to the smooth
muscle hyperplasia of atheromatous plaques. The response of
platelets to aggregating agents is enhanced by their pre-
incubation in media rich in cholesterol,39 and platelets
incubated with plasma from patients with high concentrations
of LDL show increased aggregability.40 Hence several
mechanisms are known by which raised concentrations of
LDL may promote the atherosclerotic and thrombotic
processes underlying coronary heart disease-and biological
plausibility is one of the criteria for explaining epidemiological
associations in causal terms.'
Most cells meet their requirements for cholesterol (for

membrane synthesis) chiefly by uptake of plasma LDL41 42
and other lipoproteins; local synthesis of cholesterol is a
further source in some tissues.43 44 Except for cells that
synthesise lipoproteins (liver, small intestine) and those using
cholesterol for steroid hormone synthesis cells in the steady
state must possess other mechanisms for releasing cholesterol
at rates equal to their uptake and synthesis. Cultured cells
show a net efflux of cholesterol.45 46 As the liver is the only
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organ that excretes cholesterol (and bile acids derived from
it), mechanisms must exist for reverse, centripetal transport
of cholesterol from peripheral cells to the liver; it was sug-
gested in 1968 that HDL (in concert with the enzyme lecithin
cholesterol acyltransferase that esterifies cholesterol in
plasma) participates in centripetal transport.47 Soon after,
Miller and Miller48 advanced the concept that this function
of HDL, by favouring mobilisation of cholesterol from the
arterial wall, might explain the inverse relation between HDL
and risk of coronary heart disease. Many studies in vitro49
(see references 49 and 54 for references) and some kinetic
data50 establish that HDL is an effective acceptor of cholesterol
from extrahepatic cells; this is a function of HDL3.a1
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which the enzyme hepatic lipase in hepatic sinusoids takes
part,60 HDL3 could be regenerated. HDL3 binds to receptors
on arterial smooth muscle, a process that may play an im-
portant part in the "efflux" of cholesterol"1; studies in vitro
suggest that availability of HDL3 and of HDL receptors
influences the rate of efflux.45 Cholesterol must also be
returned to the liver via other lipoproteins; even if all HDL
were cleared from plasma as intact particles by the liver,
which is unlikely, the amount of cholesterol so delivered (up
to 300 mg a day calculated from the known rates of HDL
protein turnover) would be less than the turnover ofcholesterol
in extrahepatic tissues (some 500 mg a day derived from
catabolism of LDL plus cholesterol synthesised locally). Of

TABLE I-Variables that influence HDL cholesterol concentrations in man

Sex
Age
Diet:

carbohydrates
vegetarian
high P:S* ratio

fish protein
alcohol
sov lecithin

Obesity
Exercise
Oral contraceptives
Exog progestogen
Exog oestrogen
Exog androgen
Endog testosterone
Renal failure, nephrosis
Hypothyroidism
Diabetes
Microsomal enzyme inducers
Smoking
Beta agonists
Beta blockers

F -M
Slight I in F

No change or +

t

no change or ,

Positive association

HDL. lower, HDL, higher in M

No change AHA Prudent Diet, Oslo Heart Study diet, low%, fat high fibre diet; decreasc on
some experimental diets

Even moderate intake; HDL and,'or HDL,
Slight effect
Increases after weight reduction completed
HDL, I, HDL,. or no change
Depends on oestrogen dose (no effect with some low dose formulations) and progestogen tspe
wvith 19-nortestosterones (androgenic), not with medroxyprogesterone

Positive or negative for free testosterone; negative for HDL,

I with treatment of IDDM; poor correlation with HbA,

Reverses on stopping

or no change

*Polyunsaturated fattv acid:saturated fatty acid.

TABLE II-Variables that influence LDL cholesterol in man

Sex

Age, children
Adult age
Saturated fat
Polyunsaturated fat
Cholesterol
Fibre
Obesity
Hypothyroidism
Nephrosis
Cholestasis
Anorexia nervosa
Renal transplantation
Pregnancy
Familial hypercholesterolaemia

M =- F
Ir - M
t

*t

Familial combined hvperlipidaemia I
(, sitosterolaemia t or N
Hypertriglyceridaemia I,
Abeta and hypobeta lipoproteinaemia Absent or ,

Premenstrual
Postmenstrual
Rise from birth to age 6, then plateau
Rise to 6th decade, then decline (cross sectional data)
Palmitic, mvristic acids; increased LDL synthesis
Especially linoleic acid; (cz-66; (eicosapentaenoic acid (ci-3) chiefly reduces VLDL)
Moderate effect; wide individual variation
Fruit, vegetable-derived fibre, oats; not wheat bran
NModerate I with weight gain in adults; decrease with weight loss
; Catabolism via LDL receptors

Abnormal LDL ("LPX")

Several mutant alleles causing reduced LDL receptor function (lack of receptor protein,
absence of LDL recognition site, defects of post-translational processing)

Overproduction of LDL

Moving cholesterol to the liver

Many pathways (not mutually exclusive) have been sug-
gested for delivery of peripherally derived cholesterol to the
liver. One proposes that the small cholesteryl ester poor HDL3
particles,52 the initial acceptors, are in turn converted to
HDL2 and HDLC as they acquire cholesterol and, in the latter
step, apolipoprotein E3-55 ; HDLC is then rapidly taken up by
hepatocytes after binding to two types of receptors that
recognise its apolipoprotein E.a4 .6 Alternatively, the HDL..
might release its unesterified cholesterol in the liver (suggested
by some kinetic findings)58 59 and, perhaps by a process in

the 750 mg cholesterol synthesised daily by adult man,62 an
unknown but probably small proportion is produced in tissues
other than the liver and small intestine. Tissue cholesterol
entering HDL is esterified by lecithin cholesterol acyl-
transferase47 and transfers to very low density lipoprotein
(VLDL) in plasma, a step requiring an exchange protein63;
VLDL is converted within plasma to IDL, which is cleared
protein A-I, is also synthesised in many tissues.63
A fourth hypothesis is based on the finding that the efflux

of cholesterol from macrophages is accompanied by secretion
of apolipoprotein E64; the increased efflux from cells pre-
loaded with cholesterol is associated with enhanced production
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of apolipoprotein E. Hence HDLC may be assembled from
components synthesised peripherally, at a rate dependent on
efflux of cholesterol. Another component of HDL, apolipo-
protein A-I, is also synthesised in many tissues."

All of these possibilities implicate HDL but- all are more
complex than the original fertile concept that HDL is the
mediator of reverse transport of cholesterol; the epidemiology
of HDL in coronary heart disease has been illuminated but
not explained by this profusion of cell biology. If the last
hypothesis is true it follows that high concentrations of HDL
can be a consequence rather than a precondition of enhanced
reverse transport.
HDL has other effects potentially relevant to athero-

sclerosis. HDLC reduces uptake ofLDL by cells, by competing
for the LDL receptor,"'; and HDL stimulates release of
prostacyclin by porcine endothelium.l7

Clinical observations have illuminated the roles played by
lipoproteins in coronary heart disease. The life long elevation
of LDL concentrations in familial hypercholesterolaemia
is associated with a severalfold excess risk of premature
coronary heart disease. 8 Serial quantitative arteriographic
observations of the atherosclerotic femoral arteries of patients
with hyperlipidaemia have shown that progression of the
disease is directly related to mean concentrations of LDL
cholesterol."'9 Conversely coronary heart disease has been
reported to be rare in a familial syndrome characterised by
high HDL and low LDL concentrations.70 The risk of
coronary heart disease varies in the uncommon disorders in
which HDL is low. In Tangier disease, in which normal
HDL is absent (and LDL relatively low), the risk of coronary
heart disease is only modestly raised71; and the low concentra-
tions of HDL in fish eye disease,72 in familial deficiency of
lecithin cholesterol acyltransferase, in a family with the
apolipoprotein A-I-Milano mutant,74 and in familial hyper-
triglyceridaemia and lipoprotein lipase deficiency@) seem not
to be associated with excess risk of coronary heart disease.
Severe coronary heart disease did, however, develop in a
woman with deficiency of the HDL protein apolipoprotein
A-I. " In four European populations with differing mortality
rates from coronary heart disease concentrations of HDL
cholesterol were closely similar while LDL and VLDL
showed congruent differences.7 In several disparate com-
munities strong positive correlations were found between
total cholesterol and HDL cholesterol concentrations77 78;
in many countries with little coronary heart disease, mean
concentrations of LDL and HDL are probably low. This is
compatible with the inverse relation between carbohydrate
intake and concentrations of both LDL and HDL7 80 and
suggests that when concentrations of LDL are low the
relation between HDL and risk of coronary heart disease may
be attenuated.

Raised concentrations of LDL are readily decreased by
diet and drugs.75 Substantial reduction of the serum cholesterol
by diet clearly decreased the incidence of coronary heart
disease in the Oslo trial81; similar results in early trials are
impressive for their consistency,82 though their designs were
in various ways inadequate. Trials of selective increase in HDL
may not be feasible. In the Coronary Drug Project, however,
men with coronary heart disease were treated with oestrogen
to reduce the serum cholesterol concentrations.813 The treat-
ment is also likely to have increased their HDL cholesterol-
yet recurrences of coronary heart disease were commoner
than in the controls. As oestrogens might influence risk, for
example, by enhancing thrombotic tendency, this does not
exclude a protective role for HDL. One further intervention
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is worthy of discussion. The drug probucol, which decreases
both LDL cholesterol and HDL cholesterol, may lead to
rapid regression of xanthomas in tendons84 and skin85-
impressive examples of mobilisation of tissue cholesterol.
There is, in summary, evidence that raised concentrations

of LDL play an important causal part in coronary heart
disease, with consistent findings from epidemiological and
clinical observations, trials, research on animals, and cellular
biology. But the powerful inverse relation between HDL and
coronary heart disease should not be interpreted in causal
terms until there is better understanding of the parts played
by HDL in processes pertinent to atherosclerosis.

Genetic factors

The interacting environmental and genetic factors deter-
mining plasma concentrations of these lipoproteins have been
studied extensively.75 86 Apart from major monogenic dis-
orders,X70- 7 genetic control of concentrations of HDL
cholesterol and apoproteins in normal people has been shown
in some (but not all) studies86- 88; the low HDL cholesterol
concentration of patients with coronary heart disease appears
to be familial.89 90 HDL cholesterol is substantially higher in
blacks than in whites.91 This may also be genetic and it is
associated with lower mortality from coronary heart disease.
Table I shows some of the many variables influencing
HDL.49 12 An increased HDL cholesterol concentration
might reflect several metabolic events, of which enhanced
reverse transport is only one. It might also result from in-
creased hepatic secretion of HDL-the probable basis of the
increase in HDL found with microsomal enzyme inducing
drugs and with alcohol. A third basis is redistribution of
cholesterol within plasma. During catabolism of VLDL and
chylomicrons cholesterol transfers to HDL; the activity of
the rate limiting enzyme for this process, lipoprotein lipase, is
increased by exercise, insulin, and clofibrate and related drugs.
Thus a rise in HDL cannot be equated with mobilisation of
cholesterol from tissues; and measures that raise the HDL
level, or diseases that lower it, have not been shown to alter
the risk of coronary heart disease.

Polygenic inheritance may explain around one third of the
variance of concentrations of LDL and total cholesterol in
normal people; but estimates range from 0 to 600.96-99 Mean
LDL cholesterol is lower in blacks than whites.9' Table II
shows some of the influences determining plasma concen-
trations of LDL.100 102
A main interest of twentieth century philosophy is the

study of evidence.103 In medical science this has clinical as
well as intellectual rewards. The former explains some of the
current concern with cholesterol metabolism and coronary
heart disease; but the convergence of research from numerous
disciplines has been a further satisfaction. A theoretical basis
now exists for treating hyperlipidaemia due to high con-
centrations of LDL, and testable hypotheses may be for-
mulated concerning HDL. Three decades of lipoprotein
research have taken us some way towards a goal epitomised
by the Rubens painting "Triumph ofreason over inharmonious
discord."

BARRY LEWIS

Professor of Chemical Pathology,
Honorary Consulltant in Medicine, and
Director of Lipid Clinic,
St Thomas's Hospital Medical School,
London SE1 7EH
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