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Lipoproteins and cardiovascular reactivity
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The observation that relatively short periods of cholesterol lowering therapy can
reduce the incidence of coronary artery disease events has prompted interest in the
short term effects of lipoproteins on cardiovascular responsiveness. Numerous studies
in animals and humans have demonstrated that oxidized LDL-cholesterol can impair
endothelial dependent vasodilation in coronary arteries and peripheral resistance
vessels. Reduction of plasma LDL-cholesterol levels in hypercholesterolaemic patients
improves nitric oxide mediated vasodilator responses in the coronary and peripheral
circulation. LDL-cholesterol also potentiates responses to vasoconstrictors such as
noradrenaline and endothelin-1 in the absence of endothelium, possibly by enhancing
calcium influx into vascular smooth muscle cells. Pharmacological reduction of
plasma LDL-cholesterol levels has been shown to reduce blood pressure responses
to intravenous infusions of pressor hormones and to stress. However, the relative
contribution of changes in endothelial dependent vasodilation and vasoconstrictor or
inotropic responses remains to be established. Short term changes in LDL-cholesterol
produce changes in cardiovascular responsiveness that may influence the development
of ischaemic events.
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Introduction

Epidemiological and clinical studies have provided over-
whelming evidence that high plasma concentrations of total
cholesterol and low-density lipoprotein-cholesterol (LDL-C)
are strong predictors of coronary heart disease [1, 2]. This
is due to the development of atherosclerosis which results
from the infiltration of blood vessel walls by cholesterol rich
lipoproteins. During this process alterations in vascular
reactivity have been observed, including impaired endothelial
dependent vasodilation and an increased responsiveness to
contractile agonists. There has been considerable interest in
these short term effects of lipoproteins on vascular function
in recent years, partly because of the observation that
coronary artery disease events are reduced following relatively
short (1-2 years) periods of cholesterol lowering therapy.
The first study to show a short-term effect of drug
induced LDL-C lowering on coronary events used the
HMG-CoA reductase inhibitor pravastatin and studied
patients at high risk of coronary events (serum total
cholesterol levels from 5.2 to 7.8 mmol 17 plus two
additional atherosclerotic risk factors [3]). This study in 1062
patients demonstrated a significant reduction in cardiovas-
cular events in patients receiving pravastatin that was
apparent after as little as 20 to 30 days of therapy and
statistically significant after 26 weeks. This was followed by
two further studies of HMG-CoA reductase inhibitor
therapy following myocardial infarction—the 4S study
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(simvastatin) [4] and the CARE study (pravastatin) [5]
which demonstrated early reductions in mortality and
recurrent coronary events. These effects became apparent
after approximately 1-2 years of therapy. A similar result
was obtained in a primary prevention study in males using
pravastatin [6] and in patients with atheromatous carotid
disease treated with pravastatin [7]. An earlier study of the
bile acid binding resin, cholestyramine, in the prevention of
first coronary events in males produced a 19% reduction in
the risk of coronary heart disease, death or non-fatal
myocardial infarction that became apparent after 3—4 years
[8]. However, this trial produced a reduction in LDL-C of
only 12.6% compared with placebo whereas the reduction
in the trials that have used HMG-CoA reductase inhibitors
has been in the range of 26—38%. Thus differences in the
apparent time taken to influence coronary events between
these trials may be more a reflection of the degree of
LDL-C reduction rather than the pharmacological agent
used. In the only study of fibrate therapy (which predomi-
nantly lowers very low-density lipoprotein (VLDL) levels
and increases high-density lipoprotein (HDL) levels) of
sufficient size to assess the relationship between duration of
therapy and reduction in ischaemic events a reduction in
cardiovascular endpoints was apparent between 1 and 2 years
after continuous therapy [9].

Plasma cholesterol reduction with statin therapy has also
been shown to reduce the incidence and severity of
symptomatic angina [10] and to reduce the frequency of
ischaemic episodes on Holter monitoring [11]. Lovastatin
therapy has been reported to reduce blood pressure (BP)
responses to mental arithmetic stress in hypercholesterol-
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aemic subjects [12], while simvastatin reduces BP and
forearm vascular responses to cold pressor stress in
hypercholesterolaemic hypertensives [13]. In patients with
coronary artery disease, cholesterol reduction with fluvastatin
therapy increases myocardial perfusion both at rest and
during exercise [14]. These findings suggest that haemo-
dynamic changes induced by reductions in plasma cholesterol
levels may contribute to a reduction in coronary artery
disease events, in addition to the longer term effects of
retarding the progression of atheroma. The mechanisms
responsible for these alterations in vascular reactivity are not
yet fully understood. This article reviews the current
knowledge concerning the relationship between plasma
lipoproteins and cardiovascular reactivity.

Effects of LDL-cholesterol on vasodilator mechanisms

In recent years most attention in the area of lipoprotein
induced changes in vascular reactivity has been focused on
the effects of LDL-C on endothelial dependent (nitric oxide
(NO) mediated) vasodilator responses, particularly in coron-
ary arteries. The important finding that has emerged is that
endothelial dysfunction associated with hypercholesterolae-
mia 1s rapidly reversible by serum cholesterol level reduction
or by antioxidant therapy [15, 16]. Animal studies have
shown that hypercholesterolaemia produces endothelial
dysfunction and impaired endothelial dependent relaxation
before the appearance of atheroma. These animal studies
have previously been reviewed [16—18].

Several studies have investigated the effects of hypercho-
lesterolaemia on vascular function in non-atherosclerotic
human arteries. Endothelial dependent vasodilation in
response to acetylcholine (ACh) [19, 20] and methacholine
[21, 22] 1s significantly impaired in forearm resistance vessels
of hypercholesterolaemic patients compared with controls.
The same finding has been demonstrated in coronary arteries
of hypercholesterolaemic patients with no angiographic
evidence of atherosclerosis [23, 24]. Preliminary investi-
gations suggest that sex may be an important determinant
of endothelial function in human vasculature. Chowienczyk
et al. [25] found impaired forearm blood flow responses to
ACh in hypercholesterolaemic men but not in premeno-
pausal hypercholesterolaemic women.

A number of animal studies have shown that oxidation
of LDL-C is a critically important step in the impairment
of endothelial dependent vasodilation by LDL-C [26].
Various mechanisms have been proposed to explain this
finding. Galle et al. [26] showed that NO released from
cultured endothelial cells is inactivated by oxidized LDL
(ox-LDL). In another study, stimulation of smooth muscle
guanylate cyclase (cyclic GMP) by NO was diminished in a
dose dependent manner by ox-LDL [27]. An important
feature of ox-LDL is its high content of amphiphiles such
as lysolipids, lipid peroxides and oxygenated sterols [28].
Treatment of ox-LDL with albumin, which binds lysophos-
pholipids, has been shown to attenuate its inhibitory effect
on endothelial dependent relaxation [28-30]. These and
other studies suggest that lysolipids such as lysolecithin and
lysophosphatidylcholine in ox-LDL may participate in the
apparent neutralization of NO by ox-LDL [31]. In addition,
there is evidence that LDL-C increases the production of
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superoxide anion by endothelial cells [32], resulting in an
enhanced rate of inactivation of NO. The formation of
vascular NO is enhanced in experimental hypercholesterolae-
mia [33]. Thus the impaired NO mediated vasodilation
associated with hypercholesterolaemia appears to be the
result of a diminished effectiveness of NO rather than
reduced formation. The reduced effectiveness probably
results from the sequestration of NO by ox-LDL, increased
inactivation of NO by increased superoxide formation and
impaired c-GMP formation in response to NO. The reduced
activity of NO in the presence of ox-LDL can be overcome
by the administration of r-arginine (the precursor of NO)
[11, 15, 34, 35] or tetrahydrobiopterin, an essential cofactor
of NO synthase [34].

The effects of hypercholesterolaemia on endothelial
dependent vasodilation has generated considerable interest
as a possible factor influencing coronary artery spasm and
coronary perfusion in hypercholesterolaemic patients either
with or without coronary artery disease. In humans, 6
months of cholesterol lowering therapy using diet and
cholestyramine has been shown to restore normal vasodilator
responses to ACh in coronary arteries of hypercholesterola-
emic patients (without angiographic evidence of coronary
artery disease) who previously exhibited vasoconstrictor
responses to ACh [24]. Egashira [36] showed that the
reduction of serum cholesterol with pravastatin improved
NO dependent coronary vascular responses in hypercholes-
terolaemic patients. Anderson ef al. [15] found that antioxi-
dant therapy and plasma LDL reduction with lovastatin had
an additive effect on improving coronary artery responses to
ACh in patients with coronary artery disease. Improvement
in NO mediated vasodilation following cholesterol lowering
therapy in humans does not appear to be limited to the
coronary vasculature. Plasma cholesterol reduction with
simvastatin has been shown to increase the forearm blood
flow response to ACh in hypercholesterolaemia [37].

While ACh stimulated (NO mediated) vasodilation in
forearm resistance vessels has been shown to be reduced in
patients with hypercholesterolaemia, vascular resistance in
the basal (unstimulated) state does not differ from controls
[20, 37]. Inhibition of NO synthesis by the continuous
intra-brachial artery infusion of L-NMMA (an NO synthase
inhibitor) has been shown to increase forearm vascular
resistance to the same extent in hypercholesterolaemic and
normal subjects [20, 38], while abolishing the NO mediated
vasodilator responses to ACh in the normal subjects.
Similarly, reduction of LDL-C levels by simvastatin therapy
in hypercholesterolaemic subjects improves the vasodilator
response to ACh without altering resting forearm vascular
resistance [37, 39]. Inhibition of NO synthase by L-NMMA
abolishes the beneficial effect of simvastatin on vasodilator
responses to ACh in hypercholesterolaemics, but increases
resting forearm vascular resistance to the same extent as
prior to simvastatin therapy [37]. These findings suggest that
hypercholesterolaemia does not significantly influence basal
NO mediated vasodilator function in the peripheral circu-
lation, but that the alterations in vasodilator responses to
ACh that occur in response to changes in plasma LDL-C
levels are due to changes in NO mediated responses.
However, these findings may not be completely applicable
to the coronary circulation where LDL-C reduction with
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statin therapy has been shown to reduce basal coronary
vascular resistance [14].

Studies by Goode & Heagerty [40] have suggested that
endothelial independent relaxation is also impaired in
hypercholesterolaemics, although to a lesser extent than
endothelial dependent vasodilation. To distinguish abnor-
malities in endothelial function from abnormalities in
vascular smooth muscle several studies have examined the
vasodilator response to directly acting smooth muscle
relaxants sodium nitroprusside, nitroglycerin or papaverine.
Most human [19, 20, 23] studies have reported preservation
of endothelial independent relaxation in vasculature exposed
to hypercholesterolaemia. However, Creager et al. [21]
found that forearm blood flow responses to nitroprusside
were attenuated in hypercholesterolaemic subjects compared
with controls, and Goode & Heagerty [40] reported similar
results from isolated resistance vessel preparations from
human biopsies of hypercholesterolaemic subjects.

Effects of LDL on vasoconstrictor mechanisms

In addition to effects on vasodilator function there is
evidence from animal studies that lipoproteins may enhance
vascular responsiveness to vasoconstrictors by mechanisms
that are not related to impaired NO mediated vasodilation.
However, the effects of hypercholesterolaemia on vasocon-
strictor responses in animals appears to depend upon the
species and the blood vessel studied as well as the choice of
vasoconstrictor. In general, hypercholesterolaemia increases
vascular responsiveness to noradrenaline (NA) in small
resistance vessels, while decreasing NA responses in large
vessels such as the aorta. Vasoconstrictor responses to
serotonin in large vessels are often enhanced by hypercholes-
terolaemia [41—-44]. Galle & Bassenge [26] have extensively
studied the effects of LDL-C and ox-LDL on the vascular
responsiveness of isolated perfused rabbit femoral arteries,
and concluded that while these lipoproteins both inactivate
NO, vasoconstrictor responses to NA in the presence of
LDL-C and ox-LDL are greater in arteries denuded of
endothelium. These findings suggest that endothelial depen-
dent LDL-C
enhanced responses to NA, despite inactivation of NO by
LDL-C. Oxidation of LDL-C appears to be an important
factor in the potentiation of these vasoconstrictor effects on
LDL-C in animals [26].

The mechanisms underlying the endothelial independent

vasodilator mechanisms protect against

enhancement of vasoconstrictor responses to ox-LDL are
uncertain. In cultured arterial smooth muscle cells, choles-
terol enrichment of the plasma membrane increases unstimu-
lated calcium influx and cytosolic calcium levels [45]. As
calcium channel blockers abolish this effect on calcium
uptake, it has been hypothesized that an increase in the
cholesterol content of the cell membrane induces alterations
in the conformation or position of calcium channel proteins,
thereby exposing or activating previously ‘silent’ ion channels
[45]. Thus increased vascular responsiveness to vasoconstric-
tors associated with hypercholesterolaemia may be mediated
by changes in the cholesterol content of the cell membrane
of vascular smooth muscle which result in enhanced calcium
influx. It is also possible that similar events occur in cardiac
myocytes, leading to a potentiation of contractile responses
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[46]. The notion of a generalized increase in membrane
calcium permeability in vascular smooth muscle cells and
cardiac myocytes after cholesterol exposure is supported by
some [47—51] but not other studies [41, 52].

Elevated LDL-C levels may also increase vasoconstrictor
responses by
cholesterolaemic patients have been reported to have

increasing endothelin  release. Hyper-
elevated plasma endothelin-1 levels compared with controls
[35]. Ox-LDL has been shown to induce the expression and
release of endothelin from human vascular endothelial cells
[53], and endothelin has been shown to potentiate vasocon-
strictor responses to NA [54]. However it is uncertain to
what extent increased endothelin release results from
impaired NO action, as NO is known to suppress endothelin
release [55].

A previous study reported that short-term alterations in
plasma LDL-C with pravastatin were accompanied by a
significant reduction in BP responses to intravenous infusions
of both NA and angiotensin II (AIl) [56]. Changes in
systolic BP responses to AlIl between pravastatin and placebo
therapy correlated significantly with changes in LDL-C
suggesting that pravastatin therapy is accompanied by
beneficial effects on cardiovascular reactivity which are most
likely a consequence of the decrease in circulating LDL-C
levels. Baroreceptor responsiveness (measured as the slope
of change in heart period versus change in BP) did not
change between the two treatments. Resting BPs did not
differ between pravastatin and placebo therapy, a result
which has been verified in larger clinical trials of similar
duration [57, 58]. A recent study reported that short term
(2 week) reduction of LDL-C levels by simvastatin reduced
forearm vascular responses to intra brachial arterial NA in
hypercholesterolaemic men [59]. Similar results were
obtained both prior to and during the infusion of L-NMMA
in a dose previously shown to inhibit NO synthase. The
results suggest that the reduction in vascular responsiveness
to NA during simvastatin therapy is not a result of increased
NO responsiveness.

Effects of other lipoproteins on vasodilator and
vasoconstrictor responses

The effects of lipoproteins other than LDL-C (VLDL,
lipoprotein (a) and HDL) on vascular responsiveness in
humans are uncertain, and the effects of fibrate therapy
(which lowers VLDL and increases HDL-cholesterol) on
vascular responses in patients with mixed hyperlipidaemia
has not been investigated. However, three studies of
coronary artery responses to infusions of ACh during
angiography in humans have reported that high levels of
HDL protect against the abnormal contractile responses to
ACh [44, 60, 61]. Zeiher et al. [61] demonstrated that
elevated HDL levels were associated with a smaller coronary
artery response to cold pressor testing in patients with
hypercholesterolaemia. HDL has been shown to reverse the
inhibition of endothelial dependent vasodilator responses to
ACh by LDL-C in isolated strips of rabbit aorta [62]. NO
dependent vasodilator responses in the forearm circulation
of patients with non-insulin dependent diabetes have been
reported to correlate inversely with serum triglyceride levels
and positively with HDL-cholesterol levels [63]. These data
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suggest that high HDL levels may protect against the
impaired NO mediated vasodilator responses that accompany
elevated LDL-C levels. Oxidized lipoprotein (a) has been
shown to inhibit endothelial dependent vasodilation of rabbit
renal arteries in a more potent manner than ox-LDL [64].

Bezafibrate (a fibrate) treatment of rats fed a lipid raising
diet has been reported to prevent the development of
increased tail artery vasoconstrictor responses to NA [47]
(rat lipoproteins are predominately of the VLDL type).
These effects were observed in the absence of endothelium,
indicating that they were not mediated via changes in NO
metabolism [47].

Conclusions

Short term changes in LDL-C levels, and probably in the
extent of oxidation of LDL-C, can modify both vasodilator
responses and vasoconstrictor responses. The effects on
vasodilator responsiveness appear to be principally due to an
impaired action of NO, despite increased NO production,
that probably results from sequestration of NO by ox-LDL,
enhanced NO
superoxide formation, and impaired NO mediated c-GMP
formation. The mechanism underlying the enhancement of’

inactivation due to ox-LDL stimulated

vasoconstrictor responses by ox-LDL is uncertain. Increased
endothelin production may play a role, but a significant
component of the increased vasoconstrictor responsiveness
in animals appears to be independent of the endothelium.
The enhanced vasoconstrictor responsiveness dose not appear
to be specific for NA and may be due to ox-LDL stimulation
of calcium uptake in vascular and cardiac muscle cells.

The pathogenetic significance of lipoprotein-induced
changes in wvascular reactivity is of particular interest. In
addition to predisposing to coronary artery spasm, enhanced
cardiovascular responses to stress may precipitate ischaemic
events by increasing cardiac work and oxygen consumption.

All of the studies on the effects of plasma lipid
modifications on vascular responsiveness in man performed
so far have used drugs which lower LDL-C. The effects of
fibrates (which predominantly lower VLDL triglyceride and
cholesterol and increase HDL-cholesterol) on cardiovascular
responsiveness in patients with mixed hyperlipidaemia is
unknown.

Further work is needed to characterize the mechanisms
by which lipoproteins influence vascular reactivity and the
significance of these changes in the precipitation of ischaemic
events. The relevance of these mechanisms in high risk
patients such as the elderly and non-insulin dependent
diabetics may be of particular importance in developing
treatment strategies for hypercholesterolaemia and in setting
targets for lipid lowering therapy.
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