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Cholesterol lowering and coronary artery disease:
mechanisms of risk reduction

R A Archbold, A D Timmis

Hypercholesterolaemia has long been recog-
nised as one of the major reversible risk factors
for coronary artery disease. Among 356 222
men screened for the multiple risk factor inter-
vention trial (MRFIT), there was a close linear
relation between serum cholesterol and mor-
tality during a six year follow up period.1 The
relation extended right across the range of
serum cholesterol measurements, indicating
that even within the so called “normal” range,
individuals who have a lower serum cholesterol
have a lower risk of cardiovascular death.
Nevertheless, it was not until the publication of
the Scandinavian simvastatin survival study
(4S) and the cholesterol and recurrent events
(CARE) trial that treatment of hypercholes-
terolaemia in patients with coronary artery dis-
ease was shown to produce corresponding
reductions in long term cardiovascular and all
cause mortality.2 3 An important observation in
these studies was that the survival curves sepa-
rated within two years, indicating the benefits
of treatment occurred very early. Any mechan-
istic theory accounting for these benefits must,
therefore, be able to account for this early
response to treatment. Three main mechan-
isms have been suggested: (a) modification of
the progression of coronary atheroma; (b) sta-
bilisation of the coronary plaque, reducing the
risk of rupture; (c) correction of coronary
endothelial function with restoration of normal
vasomotor responses.

Modification of the progression of
coronary artery disease
Current theories of atherogenesis consider oxi-
dative modification of low density lipoprotein
(LDL) as the central event that initiates and
propagates coronary artery disease.4 5 Proper-
ties of oxidised LDL which contribute to its
atherogenic potential are its chemotaxis for cir-
culating monocytes, inhibition of tissue macro-
phage migration away from the arterial intima,
enhanced macrophage uptake of LDL by scav-
enger receptors to form foam cells, and its
cytotoxicity, causing endothelial cell injury.5 It
was a logical expectation, therefore, that lower-
ing LDL cholesterol with specific treatment
would slow the progression of coronary disease
and perhaps also induce regression. This
hypothesis has been tested in a large number of
coronary angiographic studies which have ran-

domised patients to lipid lowering interven-
tions (diet, exercise, partial ileal bypass, and/or
drugs) or control (diet or “usual care”). The
results of 10 studies were reviewed by Brown et
al.6 LDL cholesterol reductions of about 35%
were achieved in the intervention groups and
these were associated with a favourable shift in
the balance between progression and
regression of coronary artery disease. It is
tempting to conclude, therefore, that the
beneficial eVects of treating hypercholestero-
laemia in patients with coronary artery disease
are mediated by a direct eVect on the
atherogenic process which leads to reduction of
coronary luminal stenosis.

A closer analysis of the data, however,
indicates that this conclusion is unlikely to be
correct.6 7 Firstly, it is now well established that
the angiographic severity of disease correlates
poorly with coronary flow and severity of
symptoms. Moreover, there is no apparent
relation between the severity of lesions and
their propensity to cause future cardiac
events.8 9 In addition, the average reduction in
coronary stenosis associated with cholesterol
reduction in the angiographic trials was no
more than 1–2% or 0.05 mm, a very small
change that is disproportionate to the marked
reduction in adverse clinical events seen in the
4S and CARE studies. It is unlikely, therefore,
that the benefits of cholesterol lowering in sec-
ondary prevention trials can be explained by
changes in the severity of coronary stenosis.
This is not to say that these changes may not
contribute to the long term benefits of
treatment but they are unlikely to be the major
determinant of benefit.

Plaque stabilisation
Pathological studies have confirmed that acute
ischaemic events in patients with coronary
artery disease are usually provoked by rupture
of an atheromatous plaque.10 11 This exposes
plaque contents to the circulation and provides
a potent thrombogenic stimulus. The severity
of the thrombotic response determines the
clinical presentation. Thus, minor plaque
disruption and thrombosis may be
asymptomatic.12 Indeed, it is now thought that
subclinical episodes of plaque disruption with
subsequent healing is a major mechanism in
the progression of coronary artery disease, with
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seven out of 10 high grade stenoses showing
evidence of healed disruption within the
plaque.13 More severe events may lead to
subtotal or total thrombotic coronary occlu-
sion presenting as unstable angina or myocar-
dial infarction, respectively.14

Atheromatous plaques comprise a choles-
terol core encapsulated by a fibrous tissue
“cap”. The cap is made up of an extracellular
matrix of structural proteins (collagen, elastin,
proteoglycans) synthesised by vascular smooth
muscle cells. Macrophages and T lymphocytes
predominate in an inflammatory cell infiltrate.
Interestingly, the vulnerability of the plaque to
rupture is determined not by the size of the
plaque, but by the interaction of circumferen-
tial stress within the arterial wall, the choles-
terol content of the plaque, and the strength of
the cap.15 Circumferential stress is determined
largely by systolic blood pressure,16 and its dis-
tribution across a lipid laden plaque is maximal
near the vulnerable shoulder region.15 Post-
mortem studies have revealed that plaques in
which the lipid pool exceeds 40% of the plaque
volume are particularly prone to rupture. The
strength of the cap is related directly to its
smooth muscle and collagen concentration,
and inversely to its macrophage content.17

The separation of the circulation from the
contents of the plaque is ultimately dependent
upon the integrity of the fibrous cap. Concepts
are evolving which might explain how cap
strength is determined at a molecular level. It is
now clear that the cap is a dynamic structure in
which there is a constant turnover of matrix
material.18 It is thought that the balance
between collagen synthesis and degradation
plays an important role in determining cap
strength and, hence, vulnerability to rupture.
Connective tissue proteins are degraded by
protease enzymes, the most important of which
are considered to be the matrix metalloprotein-
ases (MMPs).19 They are secreted as inactive
precursors by a range of cells, including
macrophages, and are inhibited by tissue
inhibitors of metalloproteinases (TIMPs). An
excess of active enzymes over precursors and
inhibitors has been demonstrated in the
vulnerable shoulder region of human plaques.20

Furthermore, macrophages and T lym-
phocytes that accumulate at the site of rupture
in vulnerable plaques secrete inflammatory
mediators such as interferon ã, tumour necro-
sis factor, and interleukin 1, which inhibit col-
lagen synthesis by smooth muscle cells.18 21

Together, these processes are thought to
contribute to weakening of the fibrous cap.

It has been hypothesised that treatments
which lower blood cholesterol might increase
plaque stability, so reducing the risk of ischae-
mic events. A reduction in the lipid pool within
the plaque was initially thought the most likely
mechanism of increased stability. However,
animal models suggest that cholesterol lower-
ing can alter plaque structure, not only by
reducing the lipid pool, but also by increasing
the smooth muscle collagen concentration and
by reducing the inflammatory infiltrate.22–24

Intriguingly, it has recently been shown that a
lipid lowering diet in a rabbit model of athero-

sclerosis produced a progressive reduction in
macrophage number and expression of
MMP-1 (interstitial collagenase) within
plaques. Proteolytic activity caused by a variety
of MMPs was also decreased, while interstitial
collagen increased in the lipid lowering group.25

It follows that one of the mechanisms by which
lipid lowering therapy might reduce cardiac
events is by favourably altering the balance
between collagen synthesis and degradation
within the fibrous cap.

The hypothesis that lowering blood choles-
terol and its LDL fraction favourably influ-
ences determinants of plaque stability is attrac-
tive. It provides not only a plausible mechanism
whereby treatment of hypercholesterolaemia in
patients with coronary artery disease might
reduce susceptibility to myocardial infarction
and death, but also for the reduced progression
of disease in the randomised angiographic
trials.

Endothelial function
The vascular endothelium has been the focus
of considerable interest.26 Among its numerous
regulatory functions, control of arterial tone is
probably the best characterised. The endothe-
lium secretes a range of vasoactive compounds
including endothelin and angiotensin II (vaso-
constrictors), and nitric oxide and prostacyclin
(vasodilators).27 Acetylcholine is a potent
stimulus for nitric oxide secretion by the
vascular endothelium28 and has been used
experimentally as a tool for investigating
endothelial function. Thus, in a variety of ani-
mal models, acetylcholine injection provokes
endothelium dependent vasodilatation through
nitric oxide release. In animal models of
atherosclerosis, however, acetylcholine elicits
either an attenuated vasodilator response or,
paradoxically, a vasoconstrictor response,29

which is thought to be consequent to loss of
nitric oxide function and the unopposed
endothelial independent vasoconstrictor action
of acetylcholine. It has also been shown that
endothelial dysfunction is present in hypercho-
lesterolaemic animals in the absence of
atherosclerosis.30 Similarly, in human studies it
has been demonstrated that endothelium
dependent vasodilator responses are impaired
in patients with atherosclerosis31 32 and in
patients with hypercholesterolaemia but angio-
graphically normal coronary arteries.32 33 In
human volunteers with blood cholesterol levels
towards the upper end of the “normal range”,
endothelium dependent vasodilator responses
to methacholine chloride (a muscarinic ago-
nist) are impaired compared with those with a
lower blood cholesterol.34 Clearly, therefore,
the potential for hypercholesterolaemia to
modify arterial endothelial function adversely
can be demonstrated throughout the range of
normal cholesterol values.

It has been suggested the endothelial dys-
function that characterises coronary artery dis-
ease plays a major role, not only in the
pathogenesis of the disorder but also in its
ischaemic manifestations, the loss of normal
vasodilator function tending to intensify the
myocardial perfusion deficit.35 Evidence is
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accumulating that the endothelial dysfunction
is often reversible by cholesterol lowering.
Anderson and colleagues showed that, in
patients with coronary artery disease and a
mean blood cholesterol concentration of
5.4 mmol/l, treatment with cholesterol lower-
ing drugs over a 12 month period produced
substantial improvement of coronary endothe-
lial function as reflected by coronary vasomo-
tor responses to acetylcholine infusion.36 Leung
et al reported improvement in acetylcholine
induced coronary dilatation in hypercholes-
terolaemic patients with angiographically nor-
mal coronary arteries after six months of lipid
lowering treatment,37 while further reports
suggest that statin therapy can improve en-
dothelial function in hypercholesterolaemic
subjects within a few weeks.38 39 Recent data
suggest that this improvement is mediated by
an increased bioavailability of nitric oxide.40

The ability of cholesterol reduction to improve
coronary vasomotor responses is clearly of
potential benefit and, moreover, occurs very
early after initiation of treatment within a time
frame that would be compatible with the early
clinical benefits of statins in the 4S and CARE
trials.

Demonstration of improved coronary en-
dothelial responses to lipid lowering drugs falls
short of confirming that treatment of this type
can reduce ischaemic events in patients with
coronary artery disease. Controlled trials have
investigated this relation by studying the eVect
of statin therapy on Holter ST changes in
patients with coronary artery disease. Seven
hundred and sixty eight patients out of 885 in
the regression growth evaluation statin study
(REGRESS) underwent ST monitoring before
and up to two years after randomisation to
treatment with pravastatin. A number of meas-
ures of ischaemia were significantly reduced in
the treatment group.41 Andrews et al examined
the eVects of cholesterol reduction with
lovastatin on Holter ST changes in patients
with coronary artery disease.42 After six months
of treatment, significant reductions in ischae-
mic episodes were demonstrated in patients
treated with lovastatin, but in patients treated
with placebo ischaemic episodes were unaf-
fected. It is possible to infer from these data
that patients with coronary artery disease
treated with statins exhibit a very rapid reduc-
tion in ischaemia, which occurs too early to be
attributable to alterations in the progression of
coronary disease. This reduction in ischaemic
burden is best accounted for by improvement
in coronary endothelial dilator responsiveness.

Additional mechanisms
It is clear that lipid lowering by statin therapy
reduces the risk of cardiovascular events and
death, and we have outlined potential mecha-
nisms which may account for these benefits. It
is less clear whether this decrease in events is
attributable solely to the reduction in choles-
terol achieved, or whether specific agents may
have additional properties independent of
cholesterol lowering. Cardiac events have been
reduced by lipid lowering interventions other
than statins,43–45 but fewer events and smaller

populations make comparisons with the statin
trials diYcult. Trials of clinical outcome
powered to compare lipid lowering interven-
tions in groups which achieve similar plasma
cholesterol concentrations are impractical and,
perhaps, unwarranted given the comparable
reductions in adverse clinical events with
diVerent statins in the 4S and CARE studies.
Nevertheless, it is interesting that Libby’s
group has shown that a similar degree of lipid
lowering by pravastatin to that achieved by diet
in rabbits produced better coronary vasodilator
function and a greater reduction in macro-
phage infiltrate within atheromatous plaques.46

They concluded that pravastatin had beneficial
eVects independent of plasma lipoprotein con-
centrations.

FIBRINOGEN AND PLATELET EFFECTS

Pravastatin has been reported to lower plasma
fibrinogen concentration which is unaVected
by simvastatin, despite similar falls in
cholesterol,47 while the increased platelet activ-
ity associated with hypercholesterolaemia may
also be reduced by statin therapy.48 Studies of
statin eVects on fibrinogen concentration and
platelet function, however, have not produced
consistent results.49

ANTIOXIDANT PROPERTIES

Further studies have demonstrated that lipid
lowering agents from several pharmacological
classes reduce the susceptibility of LDL to oxi-
dation, and it has been suggested that this is not
entirely caused by LDL cholesterol
reduction.50 In rabbits fed a high cholesterol
diet for 12 weeks with or without lovastatin,
blood markers of lipid peroxidation were lower
and endogenous antioxidant activity was
higher in the statin group, despite similar chol-
esterol concentrations. Lovastatin also reduced
in vitro leucocyte induced LDL oxidation.51

ANTI-SMOOTH MUSCLE PROLIFERATION

The ability of statins to lower cholesterol is
mediated by their inhibition of 3-hydroxy-3-
methylglutaryl coenzyme A reductase, the rate
limiting enzyme in cholesterol synthesis. The
synthesis of other compounds in the biosyn-
thetic pathway distal to this enzyme, which are
involved in the regulation of cell growth, is
similarly inhibited. Hence, a number of statins
(fluvastatin, simvastatin, lovastatin, but not
pravastatin) have been shown to inhibit smooth
muscle cell migration in vitro and smooth
muscle cell proliferation in vivo.52 The implica-
tions of these antiproliferative properties is
controversial and may, in fact, be deleterious
since vascular smooth muscle cells are now
thought to contribute importantly to plaque
stability.

Perspective
Although the reductions in cardiac events and
death in the landmark lipid lowering trials were
considerable, event rates remained frustrat-
ingly high among those who received active
treatment. The trials of cholesterol reduction
randomised patients on the basis of total
or LDL cholesterol concentrations. Other
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lipoproteins such as Lp(a) or high density lipo-
protein (HDL), or triglycerides may be impor-
tant particularly in those with “normal” LDL.
Clearly, cholesterol reduction must be viewed
in conjunction with the other risk factors for
coronary artery disease, such as smoking,
diabetes, and hypertension, which may still be
operating. Indeed, smoking increases inflam-
matory cell adhesion to vascular
endothelium,53 enhances LDL modification by
endothelial cells,54 and impairs coronary vaso-
dilator responses,55 directly opposing several
mechanisms that may contribute to the benefi-
cial eVects of lipid lowering therapy.

Adjuvant therapy to lipid lowering may per-
mit further reductions in event rates. It has
been demonstrated, for example, that a combi-
nation of antioxidant and statin therapy
conferred a greater improvement in coronary
endothelial function than statin therapy alone
in patients with coronary artery disease.36 More
recently, Galis et al reported that N-acetyl-
cysteine, a reactive oxygen species scavenger,
reduced MMP-9 expression in plaques and on
culture of lesion foam cells in a rabbit model of
atherosclerosis.56 Recent interest has sur-
rounded the potential role of infective agents,
including Chlamydia pneumoniae, in the patho-
genesis of coronary artery disease. Atheroscle-
rosis is accelerated in rabbits infected with C
pneumoniae and treatment with azithromycin
prevents it.57 Studies suggest that antichlamy-
dial antibiotics may improve clinical outcome
in human patients with coronary artery
disease.58 An adjuvant role for macrolide
antibiotics is, therefore, an exciting possibility.

Conclusion
There is unlikely to be a simple explanation for
the beneficial eVects of lipid lowering in reduc-
ing ischaemic events in patients with coronary
artery disease. Changes in the progression of
coronary disease may influence ischaemic
events in the longer term, but cannot explain
the rapid reduction of risk that was demon-
strated in 4S and CARE. Episodes of plaque
rupture underlie most acute coronary syn-
dromes, and cholesterol lowering alters plaque
structure in a manner likely to increase
stability. Cholesterol lowering also improves
coronary vasomotor responses early after the
initiation of treatment. The rapid reduction of
risk observed in the lipid lowering trials is,
therefore, most likely to be attributable to
reductions in plaque vulnerability and im-
provements in coronary endothelial function.
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