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I Introduction

There is a growing body of evidence suggesting that dysfunction of the vascular
endothelium may occur early in the pathogenesis of atherosclerosis and that such
dysfunction may play a pivotal role in the clinical manifestations of coronary artery
disease.!> With an increasing understanding of atherogenesis has come clues to the
mechanism by which a variety of different therapies interact to improve endothelial function
and (perhaps) thereby improve clinical outcome. Thus, the vascular endothelium has
become the meeting point of basic scientists and clinicians approaching the problem of
atherosclerosis from opposite directions. This grand rounds will discuss this collaboration
from the clinician's viewpoint, primarily using the treatment of hypercholesterolemia as an
example of how endothelial dysfunction may be reversed and clinical outcome improved.

II. The lipid lowering paradox

Data from the Framingham study first demonstrated that the likelihood of sustaining
a cardiovascular event varies directly with the level of serum cholesterol. Further data from
the MrFIT study showed that there is an approximate 2% increase in the likelihood of a
coronary event for each 1% increase in serum cholesterol.* In the 1980's, a series of
primary and secondary prevention trials demonstrated that lowering serum cholesterol
decreases the likelihood of a cardiovascular event, but none of these early trials
demonstrated a beneficial effect on all-cause mortality.5 Subsequently, a series of
atherosclerosis "regression trials" were undertaken to test the hypothesis that lowering
serum cholesterol can cause regression of fixed atherosclerotic lesions. In general, the
results of the regression trials were disappointing as the mean improvements in coronary
lumen diameter were very small.® However, paradoxically these small changes in
angiographic regression were accompanied by marked improvements in clinical events.
Finally in the last three years, three landmark trials demonstrated conclusively that
cholesterol lowering translates into important clinical benefit, including improvements in
all-cause and cardiovascular mortality, myocardial infarction, cerebrovascular events, and
need for coronary revascularization with angioplasty or coronary artery surgery. There has
been considerable interest in understanding the mechanism involved.”?

The first clue to understanding this "lipid lowering paradox" came from a series of
observational studies which demonstrated that myocardial infarction is more commonly
associated with plaque rupture at an angiographically non-critical stenosis (<50%) rather
than a critical one (>75%).
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Angiographic severity of stenoses
Study # of pts <50% 50-75% >75%
Ambrose'? 23 12 6 5
Little!! 58 36 15 7
Hackett!? 10 9 1 0
Giroud!? 92 73 9 10
Totals 183 130 (71%) 31 (17%) 22 (12%)

Table 1: Severity of culprit lesion responsible for myocardial infarction.
Subjects underwent coronary angiography before and after myocardial
infarction, the stenosis responsible for the infarction (infarct-related artery)
was determined by comparing the two studies from each patient.

Some have postulated that certain types of plaques may be more vulnerable to rupture, and
that these plaques often are not the most angiographically severe -- rather they are
composed of a substantial lipid core covered by a thin fibrous cap. New analyses of the
more recent angiographic regression studies, such as the Lipoprotein and Coronary
Atherosclerosis Study (LCAS), suggest that while improvements in mean coronary
diameter are modest, there is a marked decrease in new lesion formation with lipid lowering
thc:rapy.6 Presumably, these new lesions are the result of plaque rupture, as the
progression of these isolated lesions is out of proportion to the surrounding coronary
vasculature which is exposed to similar pro-atherogenic factors. Since plaque rupture is the
mechanism for myocardial infarction, it is not surprising that the approximate 33% relative
risk reduction seen in myocardial infarction in the large secondary prevention studies such
as the Scandinavian Simvastatin Survival Study is similar to the relative risk reduction in
new lesion formation seen in angiographic regression trials such as the Lipoprotein and
Coronary Atherosclerosis Study.é' 9 The inter-relationship between coronary endothelial
function, plaque growth and rupture, dynamic coronary tone, and myocardial ischemia
will be the topic of the remainder of these grand rounds.

III. Endothelial function in health and disease

As recently as 20 years ago, the endothelium was felt to be a relatively passive
single-cell layer lining of the vasculature. In 1980, Furchgott and Zawadski reported their
discovery of endothelium-derived relaxing factor (EDRF), which is released from the
endothelium in response to acetyl choline and causes vascular relaxation. !4 Subsequent
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work by Moncado and colleagues suggested that EDRF is nitric oxide (or a similar
compound), synthesized from L-arginine in a reaction catalyzed by the enzyme nitric oxide
synthase.ls' 16 Nitric oxide synthase can be blocked by arginine analogs, such as NG-
monomethyl-L-arginine (L-NMMA), and the production of biologic activity of nitric oxide
is enhanced by the administration of excess L-arginine substrate.!’ Among its many
biologic properties, nitric oxide acts as an arterial vasodilator, is anti-thrombotic and
prevents leukocyte adhesion. In an LDL-receptor knockout mouse model, nitric oxide has
important protective effects against the development of atherosclerosis.!® The vasodilator
function of nitric oxide is accomplished by binding to the heme iron of guanylate cyclase
with the subsequent generation of cGMP and the relaxation of vascular smooth muscle by
reducing the levels of intracellular calcium.!® Nitric oxide is released from endothelial cells
in response to a number of physiologic stimuli inéluding increased blood flow (and thus
increased sheer stress), as well as in response to a number of substances such as
bradykinin, thrombin, and acetyl choline. Its extremely short half life suggests that nitric
oxide acts locally on the arterial wall rather than systemically.
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Figure 1. Extended paradigm of nitric oxide biochemistry (from reference 19)

Along with nitric oxide, the endothelial layer produces a number of other vasoactive
substances. For example, endothelium-derived hyperpolarizing factor is as yet a poorly
characterized substance released by the normal endothelium in response to acetyl choline.
Its effects may be blocked by ouabain, a Nat/K*-ATPase inhibitor. The endothelins are a
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family of potent vasoconstrictor substances, one of which (ET-1) is released from human
endothelial cells. These and other vasoactive substance are important determinants of basal
vascular tone. In addition to the role of the endothelial cell layer in the maintenance of
vascular tone, this cell layer is critical to other processes such as vascular growth,
monocyte adhesion, and the maintenance of an appropriate antithrombotic state.

Vasodilator substances Vasoconstrictive substances

Endothelium dependent endothelins
relaxing factor (nitric oxide)

peptidoleukotrienes peptidoleukotrienes

Endothelium dependent angiotensin
hyperpolarizing factor

PGE2 vasopressin

PGFp¢q

PGI2

acetyl choline

ADP

bradykinin

serotonin

catecholamines

histamine

Table 2: Partial listing of vasoactive substances produced by or
acting through the vascular endothelium

When the normal functioning of the endothelial layer becomes disturbed in conditions such
as hypercholesterolemia, the vessel wall shifts to a pro-atherogenic, prothrombotic state
that tends towards inappropriate vasoconstriction, with decreased production of nitric
oxide, over-production of monocyte adhesion molecules, perturbation in the normal ratio of
plasminogen activator inhibitor (PAI) to tissue plasminogen activator (tPA), increased
platelet adhesiveness and activation of smooth muscle cells.20 All these factors are
important in the clinical manifestations of coronary artery disease -- myocardial infarction
and ischemia.
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FIGURE 2. Some of the known primary subcellular and molecular disturbances that lead to vascular endathelial cell activation and
atherogenesis. These alterations result from adverse interactions with oxidized low-density lipoprotein (LDL) cholesterol and give rise
to the functional consequences typical of atherosclerosis. EC = endothelial cells; NF-xB = nudear factor-kappa B; NO = nitric oxide;
PAI = plasminogen activator inhibitor; SMC = smooth muscle cells; t-PA = tissue plasminogen activator.

Figure 2 (from reference 20)

IV. Assessing the L-arginine/NO pathway in vivo

The L-arginine/nitric oxide pathway can be studied in human subjects in vivo, and
may be an appropriate marker for overall endothelial function. Ludmer and colleagues at
the Brigham and Women's Hospital were the first to assess this aspect of endothelial
function in the large epicardial coronary arteries by performing quantitative angiography
before and after the intracoronary administration of acetyl choline. In patients without
atherosclerosis, the response of the coronary arteries was vasodilation. However, in
patients with angiographic atherosclerosis there was a paradoxical vasoconstriction induced

21

by acetyl choline.”” In a series of elegant physiological human experiments, Selwyn and

Ganz and colleagues showed that this paradoxical vasoconstriction in atherosclerotic

22

arteries can also be induced by mental stress,““ increased flow (which increases sheer
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stress),23' 24 and the cold-pressor test.2d Unfortunately, this technique requires cardiac
catheterization, and therefore widespread application is limited.

A somewhat less invasive in vivo measure of endothelial function utilizes the
changes in blood flow induced by infusion of acetyl choline into the brachial artery. A
small brachial arterial catheter is inserted and used for drug administration. Forearm blood
flow is estimated by volume plethysmography, with blood flow directly related to the
change in circumference of the forearm when venous outflow is occluded. (figure) In
contrast to Selwyn and Ganz's technique, this technique (referred to as “strain-gauge
plethysmography") measures endothelial function in the small resistance vessels.20
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Figure 3: Strain-gauge plethysmography of the lower extremity. The
exclusion cuff is inflated to suprasystolic pressures, and the collecting cuff
intermittently sufficiently inflated to exclude venous outflow. The strain
gauge measures changes in limb circumference, which can be
mathematically related to blood flow into the limb segment. Acetyl choline
and other vasoactive substances are infused intra-arterially above the
isolated limb segment, and their effects on flow determined by serial
studies.

Recently, a major breakthrough was made by Celermajer and his colleagues who
developed an alternate method to assess endothelial function by measuring flow-mediated
vasodilation.?” They used high-resolution ultrasound to measure the brachial artery
diameter at baseline and after five minutes of forearm ischemia. In normal subjects, relief
of ischemia is associated with a several-fold increase in forearm blood flow (reactive
hyperemia) which leads to increased sheer stress, release of nitric oxide and subsequent
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vasodilation of the brachial artery. This flow-mediated vasodilation can be blocked by the
administration of L-NMMA, an inhibitor of nitric oxide synthase.28 A normal response has
been defined as a 5-12% increase in brachial artery diameter.?” 3°  Endothelium-
independent vasodilation is tested in this model after the administration of sublingual
nitroglycerin.

CONTROL

Figure 4: High-resolution brachial artery ultrasound of a control child and subject with
familial hypercholesterolemia. Scans on the left are at baseline, and on the right after
reactive hyperemia. An increase in arterial diameter can be appreciated in the control
subject, but not in the subject with FH.

There is controversy to what extent endothelial function (or dysfunction) of the
brachial artery reflects the functional status of the coronary arteries. Todd Anderson
working with Selwyn and Ganz and the Brigham and Women's Hospital measured

endothelial function in the brachial and coronary arteries of the same patients and found a
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statistically significant correlation, although the absolute association was weak (r=0.36,
p=O.01).30 There is also a concern that the brachial artery seldom develops the structural
changes of atherosclerosis typical of the coronary circulation, although a recent report
suggests that nonobstructive atherosclerosis is more common than previously realized.!
Therefore, endothelial function measured with the brachial artery model may not reflect the
status of the coronary endothelium in all circumstances.
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Figure 5: Relationship between brachial artery flow-mediated
vasodilation and coronary response to acetyl choline in patients with
(squares) and without (circles) coronary artery disease. From
reference 30.

V. Endothelial function as a therapeutic target

Some evidence suggests that endothelial dysfunction is associated with adverse
clinical events. Okamura and colleagues studied endothelial function using intracoronary
acetyl choline testing in patients undergoing catheterization after a myocardial infarction.
They found that the "infarct-related artery" demonstrated significantly more
vasoconstriction than non-infarct related arteries of the same patient.32 In addition, Bogaty
et al showed a difference between stable and unstable angina patients in the response of the
coronary arteries to the cold-pressor test or exercise: abnormal vasoconstriction was found
in the arteries of patients with unstable angina but not in the stable angina patients. Our
group has performed a pilot study of brachial artery endothelial function in 64 subjects
undergoing cardiac catheterization. Subjects were divided into three groups based on their
indication for catheterization: Group 1, stable angina, valvular heart disease or atypical
chest pain; Group 2, "mild to moderate” unstable angina (Braunwald Class I or II), and

Endothelial dysfunction, p. 10.



Group 3, "severe" unstable angina (Braunwald Class III) or acute myocardial infarction.
Subjects were studied as soon as possible after cardiac catheterization, usually within 18
hours. No difference in brachial artery endothelial function could be demonstrated and no
correlation existed between angiographic variables associated with plaque rupture and
intracoronary thrombosis and brachial artery endothelial function.>> Hence, to date there is
no evidence for endothelial dysfunction in the brachial artery of patients with unstable
angina or acute myocardial infarction, although the hypothesis has not been definitely tested
in a trial with adequate statistical power to control for baseline confounding.

Stable angina, = Braunwald Class = Braunwald
atypical chest pain I or II unstable Class III
or valvular disease angina unstable angina p value
(n=28) (n=14) or acute MI
(n=22)
Clinical variables
Age 61+2 65+2.9 64+2.3 NS
LDL (mg/dl) 11549.6 72+12.8 90+12.8 <0.05
HDL (mg/dl) 38+3.3 26+4.4 32+4.4 <0.10
Male gender 61% 79% 64% NS
Hypertension 63% 36% 73% NS
Current cigarette use 35% 7% 13% <0.10
Diabetes mellitus 21% 43% 18% NS
Angiographic
variables
Ulcerated plaque 12% 30% 28% NS
Intracoronary thrombus 8% 10% 16% NS
Eccentric stenosis 23% 40% 61% <0.05
Flow-mediated 7.1+1.4% 5.9+1.1% 5.8£1.0% NS
vasodilation

Table 3: Flow-mediated vasodilation in acute coronary syndromes (from reference 33)

A number of pharmacologic interventions have been shown to improve endothelial
dysfunction. For example, intracoronary L-arginine has been shown to dilate coronary
stenoses, probably by effecting the synthesis and release of nitric oxide.34 Estrogen
therapy has a beneficial effect on endothelial function in postmenopausal women, and this
findings may at least partially explain the improvements in cardiac morbidity and mortality
associated with this therapy‘35 The effect of progesterone in combination with estrogen are
less well known. Some experimental data from a dog model suggest that progesterone may
antagonize estrogen's effects on the endothelium.36 Using serial measures of flow-
mediated vasodilation in the brachial ultrasound model, our group studied endothelial
function in 20 premenopausal women to determine the effects of endogenous estrogen's
and progesterone during the menstrual cycle. We found that endothelium-dependent
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vasodilation is most pronounced when estrogen is unopposed, and that when both estrogen
and progesterone are elevated endothelial function is similar to that when neither hormone
is naturally expressed. Serum progesterone level was a weak negative correlate of flow-
mediated vasodilation (R=-0.261, p<0.05).37 Our data differ from a previous study by
Hashimoto and colleagues, in that they failed to detect an anti-estrogenic effect of

endogenous progesterone in their study of 17 SUbjCC[S.38

Follicular ~Mid-cycle Luteal  pvalue
FMD (%) 8.0 10.9 7.6 0.04
TNG (%) 24.0 28.2 23.6 0.06
Estradiol (pmol/L) 49 174 157 <0.001
Progesterone (nmol/L) 0.7 0.9 9.4 <0.001
LDL-chol (mg/dl) 94.2 96.3 91.3 NS
HDL-chol (mg/dl) 47.2 49.5 49.8 NS
Triglycerides (mg/dl) 67.3 77.8 71.6 NS

Table‘4: Flow-mediated vasodilation (FMD) and nitroglycerin-induced
vasodilation (TNG) in premenopausal women during three phases of the
menstrual cycle. Endothelium-dependent vasodilation was improved
g}_)}proxxmately 36% by unopposed endogenous estrogen's. From reference
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Figure 6: Relationship between flow-mediated
vasodilation (FMD) and serum progesterone level (P1)
(nmol/L) (R =-0.261, p=0.027). From reference 37.

Endothelial dysfunction, p. 12.



VI. Endothelial dysfunction associated with hypercholesterolemia is
reversible with LDL-cholesterol lowering

There is a large body of basic science literature demonstrating that LDL cholesterol,
and particularly oxidized LDL, interferes with the L-arginine/nitric oxide pathway. For
example, in an experiment quite similar to that of Furchgott and Zawadski, HE Andrews
showed that LDL cholesterol blunts the normal acetyl choline-induced relaxation of
vascular rings.3® After the discovery of nitric oxide, Galle and colleagues showed that
native and oxidized LDL both inhibit the release of nitric oxide from endothelial cells.*?
Excess oxidized LDL-cholesterol in the arterial wall leads to an overproduction of oxygen
free radicals, such as superoxide anions which react with and subsequently degrade nitric
oxide.2%4! In addition, oxidized LDL has other important properties which inhibit the
synthesis or effects of nitric oxide, such as impairment of nitric oxide synthase mRNA
transc:ription,42 inactivation of protein kinase C thus impairing synthesis of nitric oxide
synthase 43 and down-regulating the inhibitory guanosine G protein subunit.* Finally,
oxidized LDL leads to upregulation of nuclear factor-xB,*3 which promotes monocyte
recruitment, inflammation, and thus further impairs nitric oxide function.

Working in a monkey model, Harrison and Heistad showed that dietary induced
hypercholesterolemia leads to endothelial dysfunction and that this dysfunction is reversed
by a low cholesterol diet.* These animal experiments led to a series of clinical trials of
intermediate term (6-12 months) cholesterol lowering with endothelial function determined
before and after therapy. Selwyn and Ganz's group showed that endothelial dysfunction
could be reversed by a combination of LDL lowering and the administration of an
antioxidant (probucol).47 The Emory study led by Charles Treasure and Wayne Alexander
showed that endothelial function could be improved by LDL lowering with an HMGCoA
reductase inhibitor lovastatin.*3

Our group studied the effect of gemfibrozil and niacin on endothelial function in a
group of 100 patients with baseline HDL cholesterol level less than 40 mg/dl and LDL
cholesterol less than 160 mg/dl. Although therapy was associated with a 27%
improvement in HDL cholesterol and a 24% reduction in LDL cholesterol, we could not
demonstrate an improvement in endothelial function. The two most important observations
from this trial were first that endothelial function was normal in patients with this pattern of
dyslipidemia who did not have a history of hypertension, and second that a history of
hypertension was associated with a 50% reduction in flow-mediated vasodilation, even
though the hypertension was treated to normal levels throughout the 2.5 years of the

study.49
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Controls  Treatment

(=47)  (@=53)  pvalue
Flow-mediated dilation (%) 6.317.3 6.9%6.5 0.67
Nitroglycerin-mediated dilation (%) 11.9+7.4 12.449.6  0.75
Table 5: Flow-mediated and nitroglycerin mediated dilation in subjects
treated with niacin and gemfibrozil (treatment) and control subjects. From

reference 49.

There is early evidence that high levels of triglycerides may adversely influence
endothelial function. Vogel and colleagues measured endothelial function in healthy
volunteers before and after a high- or low-fat breakfast, and showed that the fatty meal was
associated with endothelial dysfunction that persisted for approximately 5 hours post-
prandially.50

More recent studies strongly suggest that improvements in endothelial function
associated with lowering LDL cholesterol occur too quickly to be ascribed to anatomical
regression of coronary stenoses or to changes in atherosclerotic plaque composition.
O'Driscoll showed that endothelial dysfunction is reversed after only 4 weeks of
simvastatin thcrapy.5 ! In a crossover study of patients with familial hypercholesterolemia,
Stroes showed that endothelial function deteriorates within two weeks of discontinuation of
lipid-lowering medications, improves with aggressive lipid lowering therapy within 12
weeks, and deteriorates again within 6 weeks off aggressive therapy.52 Finally, Tamai
showed that a single session of LDL-apheresis acutely improves endothelial function. >3

In sum, these data suggest that hypercholesterolemia, particularly high levels of
LDL-cholesterol, is associated with endothelial dysfunction and that lowering LDL-
cholesterol may lead to restoration of normal functioning long before anatomical changes
are seen in the atherosclerotic plaque.

VII. LDL-cholesterol lowering in the treatment of myocardial ischemia
There is good evidence that inappropriate coronary vasoconstriction plays an
important role in myocardial ischemia in patients with stable angina.54 For example,
Benhorin and colleagues demonstrated that the heart rate at which ischemia develops on an
exercise test ("ischemic threshold") is significantly higher than the heart rate at which
ischemia develops during daily life activities. In addition, activities that cause coronary
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constriction such as mentally stressful situations and cigarette smoking have been
demonstrated to cause myocardial ischemia in stable angina patients.

Several studies suggest that treatment of hypercholesterolemia can improve
myocardial ischemia, perhaps by improving endothelial function and thereby preventing
inappropriate coronary vasoconstriction. Kroon studied 42 hypercholesterolemic patients
with quantitative angiography and exercise testing before and after 2 year treatment with
simvastatin with or without bi-weekly LDL apheresis. There was no difference between
the two treatment groups in regression of fixed lesions. However, in the patients
undergoing LDL apheresis, there was an improvement in time to ischemia on exercise
testing. Thus, these data demonstrate a functional improvement in ischemia in the absence
of an anatomic improvement in stenosis sc:vcrily.55 Lance Gould measured changes in
myocardial perfusion after dipyridamole using quantitative PET imaging before and after
aggressive cholesterol lowering and showed improvement after only 3 months of
therapy.56 Finally, our group studied 40 patients with ischemia measured by the number
of episodes of ST segment depression on ambulatory monitoring during daily life, and
showed that such ischemia was markedly improved after 6 months of lipid-lowering
therapy with lovastatin.>’ Ongoing studies are testing the hypothesis that the mechanism of
these functional improvements are pathophysiologically linked to improvements in
endothelial function.
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Data show patient-by-patient effect of cholesterol lowering over
6 months on the number of episodes of ischemic ST-segment
depression in patients with coronary disease. Two of 20 in the
placebo group vs 13 of 20 in the treatment group show resolution
of ischemia.

Figure 7: The effect of LDL-cholesterol lowering on
myocardial ischemia during daily life. From reference 57.

Endothelial dysfunction, p. 15.



VIII. Summary and future directions

Atherosclerosis is associated with dysfunction of the vascular endothelium, and

such dysfunction may play an important role in the pathogenesis of atherosclerosis and in

the development of myocardial infarction and ischemia. Hypercholesterolemia is associated

with endothelial dysfunction in the absence of atherosclerosis, and treatment of

hypercholesterolemia leads to rapid restoration of normal functioning. Finally, in patients

with obstructive coronary atherosclerosis, treatment of hypercholesterolemia also leads to

improvement in myocardial ischemia, and future studies will determine whether the

mechanism of this improvement is pathophysiologically related to restoration of normal

endothelial function.
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