College lectures

Endothelium, for example

ABSTRACT?Endothelial nitric oxide production con-
tributes at many levels to cardiovascular efficiency (con-
sidered as tissue perfusion relative to cardiac work) .
Endothelial dysfunction is found in map+ conditions,
including all known risk factors for gtheroma, and is usu-
ally generalised, when pregent, involving microvessels as
well a= ]arge arteries, impairing cardiovascular efficiency
and potentially initiating atheroma. Loss of flow-related
dilation is a manifestation of endothelial dysfunction and
can be measured pop-invasively, thereby providing 2
potential marker of reversible gtherogenic susceptibility.

Who would have thought that before 1980 the cardio-
vascular system would be controlled py =n endothelial
gas?and controlled so hegytifully? The story, yet to be
fully told, well exemplifies the fascinating unpredict-
ability of research and the vistas it can unexpectedly
open up.

Endothelium-derived relaxing factor (EDRF) was
discovered by serendipity?a familiar route. Pharma-
cologists had long known that geetylcholine constrict-
ed their arterial preparations in vitro whereas it was a
vasodilator in vivo. Zawadzki, Furchgott's technician,
chanced ypon the explanation?and incidentally the
existence of EDRF?when he skilfully if inadvertently
preserved the usually damaged endothelial Jayer of his

arterial gtrip preparations and found that gcetycholine
then relaxed them, as it does in vivo [1]. The experi—

ment is now a classic. Our coincidental observations

were not dissimilar. In developing == isolated perfused
coronary artery preparation we found, contrary te
expectation, that as we gained experience they <on-
tracted less well?unless they were accidentally dam-

aged, when a reversible constrictor response *e-

emerged at the site of the ipjyry. Bioassay experiments
confirmed that the agent responsible was transmissible
and showed that it had a half-life of only seconds [2],
A number of workers began t° appreciate from its
characteristics that it might be nitric oxide (NO) [3],
as was subsequently confirmed [4]., This simple gas is
now Known to be an important and ubiquitous local
intercellular signal [5-9]. It is of primitive evolution-

ary origin [10], being found in hlood-sucking insects
which cleverly use NO the better to avail themselves of
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their host's blood supply; also in the horseshoe crab

which has not evolved for some five million and

years,
even in the hydra, that most primitive of invertebrates
with any pretence © 2 neurological system. While NO
is the endogenous analogue ©f an established pharma-

cological agent, the 'lumped' response to =n adminis-

tered nitrovasodilator drug should in no way be equa-
ted with the iptegrating physiological action of Jocally

released endogenous NO.

Physiology of EDPRF

NO coordinates and fine-tunes the whole cardio-

vascular system and its discovery has opened 2 new
Chapter in cardiovascular physiology.

NO is generated from its substrate, L-arginine, by
NO synthase, of which there are three forms?neu-

ronal (nNOS), (iNOS) and endothelial
(eNOS) (often called cNOS to distinguish its constitu-
tive nature from jNOS). €NOS can be activated by
receptor-G protein coupling i” response to a wide vari-
ety of agonists, which may be broadly classified into
platelet release products (eg 5-hydroxytryptamine),
neurotransmitters (eg substance P, acetylcholine) or
circulating bormones (eg bradykinin). Notably, it ca=

also be stimulated by longitudj_nal shear stress generat-
ed by blood flow. Endothelium thus responds t°

inducible

changes in blood flow and also to the frequency of its
pulsatility, which induces its maximal regponse 2°
about 300 beats per minute (independently of species—
related natural heart rate) ?nicely coupling flow-relat-
ed vasodilatation to the increase in heart rate usually
associated with increased cardiac output [11,12]. NO
has an even shorter half-life in vivo than in vitro and
thus acts yery locally: it i readily oxidised by oxygen
and oxygen free radicals, and it is avidly bound to the
haem moiety in haemoglobin and red cells [13], as
well as in soluble guanylate cyclase, the enzyme
responsible for mediating its main action. The conse-
quent elevation of cytosolic cyclic GMP reduces levels
of activating calcium at a number of control points as
well as the responsiveness of contractile proteins to cal-
cium [14-18]. NO thus relaxes vascular smooth mus-
cle, particularly when it is stimulated to contract by

activation of the phogphoinositol pathway [16,18], and
acts as a vasodilator. It also mediates its own negative

feedback, Pecause cyclic SMP by reducing cytosolic
calcium reduces the gigng] which activates eNOS

[19,20],
NO also prevents platelet adhesion and aggregation
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[21] synergistically with cyclic AMP-dependent
mechanisms such as are stimulated by adenosine oxr
prostacyclin [22].

NO (from coronary microvessels and potentially
from endocardial endothelium) also modulates myocar-

dial contraction (Fig 1). It increases diastolic compli-
ance and shortens the duration of contraction, with lit-
tle or no depression ©f systolic contraction, thereby
favouring diastolic filling [23-26] . Increased NO
release due to increased coronary flow and heart rate
thus has the potential to Optimise cardiac pump func-
tion, A more stable endogenous endothelial agent
with similar effects on cardiac contraction, mediated
by reducing contractile protein sensitivity te calcium,
has also been demonstrated though not yet identified
[27], These actions have been confirmed in the isolat-

ed intact heart [28] and are opening interesting mew
avenues of clinical research [29] both for potential

new therapeutic agents @4 in elucidating effects of
Known ,gents. ACE inhibitors, for example, net only

limit tissue angiotensin I production Put also reduce
the breakdown of bradykinin which itself stimulates

NO release, thereby contributing to mycocardial [28]

Endothelium, for example

as well as vascular consequences for contraction and

growth.

An important consequence of the short half-life of
NO is that its action is limited to the site of its release,

with no intravascular downstream effect. Since NO

production is related to shear gtress, this provides an
elegant means of coordinating changes in vascular
calibre throughout the Ped in regponse t° changes
in flow induced, for example, by metabolic oxr
pharmacological stimuli.

Increases in flow and pressure each have chronic as
well as acute effects in large arteries. An acute increase
in flow raises NO production, dilating the vessel and so
normalising shear stress. A chronic increase upregu-
lates eNOS [30] and further increases NO production;
in addition, it enlarges the intravascular diameter by
endothelium-dependent remodelling, s chronically
normalising shear stress. An acute increase in intravas-
cular pressure
ic increase in pressure increases ACE expression [31]
with consequent angiotensin 1I-mediated growth of vas-

cular smooth muscle cells. These physiological adaptive
mechanisms are context to the interactive processes

induces myogenic constriction. A chron-

Fig 1. Effect of EDRF/NO/cyclic GMP on cardiac
contraction. The effects of endogenous NO (EDRF,

as stimulated by substance P (gub D)), exogenous
NO (sodium nitroprusside (snp)), and 8-bromo-
CGMP ((8bcGMP), the mediator of NO effects) on
cardiac contraction and cytogolic calcium in isolated
myocytes, isolated heart muscle, isolated perfused
hearts, and clinically. Contraction is abbreviated and
diastolic compliance increased by 2 direct action on

contractile protein response, cytosolic calcium
remaining unaltered. C - control.
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underlying atheroma, restenosis after gngioplasty and
vein graft intimal hyperplasia (see below) .

Resistance arteries

Vasomotor influences are physiologically important in
these vessels for they control the distribution of flow

and blood pressure. Experiments with eNOS ‘'knock-

out' mice confirm its role in maintenance of blood
pressure [32]. EDRF is indeed a potent, local, flow-
related vasodilator in resistance arteries. Its effects
must, however, be considered interactively with the
other control mechanisms in vivo?metabolic, myo-
genic and neurohumoral?with complex upstream-
downstream interactions (Fig 2). The ability of a vascu-
lar bed efficiently to deliver variable flow rates in
response t° varying regional demand, buffered ggaingt
changes in central blood pressure, and subject to neu-
rohumorally mediated changes in the circulation ig,

unsurprisingly, the result of a finely integrated system
of multiple controls, interacting through consequent
changes in flow and preggure. The development ©f =
novel pjcroangiographic technique to measure the
behaviour of microvessels simultaneously throughout
the bed has proved useful [33,34]. Metabolic dilata-
tion, acting through adencsine-stimulated cyclic AMP
and Katp channels, acts predominantly at the smallest
arterioles (¢ 0.1 mm diameter) [35]. EDRF acts more
at glightly larger vessels, amplifying @nd coordinating
the effect of other dilator influences throughout the
vascular bed. An increase in metabolic gignal san com-
pensate for loss of EDRF if, but only if, the lowered
overall ceiling of dilator reserve remains adequate to
meet the metabolic demand [36]., Flow-related dilata-
tion represents = positive feedback mechanism which
opposes and thus stabilises the positive feedback of the
myogenic response in which an increase in intravascu-
lar pressure induces vasoconstriction [37]. EDRF
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modulates the myogenic response which mediates
autoregulation of flow ac different pregqures [37].
EDRF activity appears T¥OM experimental studies also
to be necessary for maintenance of the distribution of
perfusion at different overall flow rates [33], from
which it follows that loss of EDRF activity may lead to

heterogeneity ©f perfusion.

Spontaneous vasornotion and 'chaos'

Blood vessels exhibit spontaneous vasornotion. The

vasornotion gppears random. Its gmplitude % exagger-
ated in disease states. Non-linear mathematical analysis

(by 'chaos' theory) ©f the phenomenon has shown
that it is not in fact random but deterministic, o=r
‘chaotic' in the technical sense of the term [38], Such
behaviour results from the interaction of three oxr
more Non-linear variables. It reflects here the dynamic

adjustment of component contractile mechanisms in
response t© changing conditions. This has been viewed
as parsimony of genetic content?it would be unneces-

sarily 'expensive' for tome to be yery tightly coupled t°
changes i® physiological need whereas, conversely,
some degree Of resultant temporal heterogeneity of
perfusion might make for adaptability P physiologi-
cal advantage. Analysis ©f spontaneous Vasornotion
along these lines gives information about the number
of controlling variables, or component Mechanisms
responsible for the phenomenon [38]. Experiments
using pharmacological probes to Plock gpecific mecha-
nisms have identified which are responsible. Interest-
ingly, EDRF is not one, despite the fact that it exerts a
major and visible influence on the pattern and ampli-

tude of vasornotion [39] (Flg 3). It may, however, serve

to damp the amplitude of vasomotor aotiyity and seo

maintain it within physiologically acceptable limits.
Fractal analysis of the geometry and branching

angles of the vascular networks of small arteries, which

Fig 2. Interactive microvascular
control, (i) Flow-related dilatation
(+ feedback to flow (p)), counter-
balanced by [(ii] myogenic constric-
tion (4 feedback to pregsure (P)), 2
influenced by (iii) metabolic dilata-
tion (adenosine acts predominantly
at < 0.1 mm diameter arterioles),

under (iy) overall neurohumoral
influence.
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Fig 3. Spontaneous vasomotion and 'chaos'. Spontaneous vasomotion of isolated rabbit ear artery under vasoconstrictor influ-
ence by histamine (gist), == yigiply influenced by increasing EDRF activity induced by acetylcholine (ACh). Non-linear gpalysis shows
that the vasomotion is ichaotic', with a fractal dimension of 3, indicating ~3 contributing mechanisms regponsible for the vasomo-
tion. EDRF activity, though altering the amplitude and pattern of vasomotion, does not change the fractal dimension. EDRF thus
exerts a damping influence on vasomotion without participating in its generation.

lie between the genetically determined anatomy of
large arteries and the 'swamp' ©of cell-related capillar-
ies, shows that their design optimises vascular volume

and energy losses?a conclusion which holds true only

M the pregence of EDRF gotivity [40].

Endothelium and cardiovascular efficiency

EDRF may be seen as contributing in a number of ways
to ‘'cardiovascular efficiency‘, considered in terms of
issue | relative to cardiac work. We have
E perfusion relat d k h

shown in 1arge arteries that increased flow increases
distensibility py means of flow-related dilatation, with
obvious physiological benefits for cardiac function

[41]. Furthermore, since pylge wave velocity i¢ inversely
related to distensibility, EDRF activity results in reflect-

ed pressure waves returning more SlOle to the heart,
so that they do not add to gygtolic tension ac the critical
late phase ©of gystole when increased tension can deacti-
vate myocardial conmtraction. This may be particularly
Jrnportant in heart failure where EDRF activity is
unpaired, for loss of EDRF activity will then add to the
load on an 31ready prejudiced cardiac performance. I»

resistance arteries, loss of EDRF aatiyity will exaggerate

the pressure consequences of increased flow through-

out the bed. Its coordinating and amplifying vasodila-
tor effects will similarly be lost. The resultant hetero-

geneity of microvascular perfusion will lead either to
patchily inadequate perfusion == to = metabolically
driven increase in overall flow to meet the whole
organ's needs?in either event, a loss of cardiovascular
efficiency_ Positive feedback from the myogenic
response Will be ynopposed, =o destabilising the gys-

tem. The amplitude of spontaneous vasomotion will be
unconstrained. Possible beneficial effects on myocar-

dial diastolic compliance will be lost. The inegcapable

corollary is that impairment Of EDRF activity will
adversely affect overall cardiovascular efficiency o=
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many °counts. The consequences °f impaired EDRF

activity are likely to be pervasive, albeit ipitia]ly subtle.
Whether they become manifest will depend ©= organ

demands relative to perfusion reserve and on the
sensitivity of the techniques used to measure them.

Pathophysiology of EDRF

EDRF activity ¢ impaired i many conditions (pyper-
cholesterolaemia, coronary artery disease, hyperten-
sion, smoking, diabetes, heart failure, reperfusion
after ischaemia, repair 2fter damage, renal failure,
oestrogen lack, physical inactivity ®nd ageing) [3-7].
When pregent, impairment usually involves both con-
duit and resistance arteries. Endothelium is strategical-

ly sited for signal transduction between circulating
blood and the rest of the body, but it is also vulnerable
to blood-borne insults. Normally, the life of an
endothelial cell is some 30 yearg, but physical denuda-
tion removes this inhibition so that it rapidly prolifer-
ates to yepair the damage, following which it remains
phenotypically altered for weeks?as manifest, for
example, by impaired BEPRF gactivity, Likewise, reperfu-
sion following ischaemia causes a burst of oxygen free
radicals (QFRg) which rapidly damage endothelium
and reduce EDRF jtiyity, EDRF aetiyity, moreover, i
impaired by all known 'risk factors' for gtheroma, =
condition now generally accepted as initiated by
endothelial dysfunction. TRiS strongly suggests that
these 'risk factors' cause endothelial dysfunction
which precedes the development ©f atheroma
(although it cannot necessarily be assumed that
impairment ©f EDRF aetivity is glways associated with

the other phenotypic changes contributing to athero-
genesis). EDRF activity is diminished also in chronic

heart failure [41,42].

The mechanisms underlying impairment of EDRF
activity may differ in different conditions. EDRF
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activity will be determined by NO production, NO
half-life and NO regponsiveness. N© production may
be impaired @t the agonist-receptor coupling level o=
mpalre
by limitation of substrate provision. Non-metabolised
analogues ©f L-arginine (which are experimentally
useful in measuring EDRF activity) may contribute to
reduced EDRF activity in renal failure, for some are
endogenous 2nd renally excreted [43]. NO half-life
will be shortened by interaction with superoxide (02~) .
OFRs are a pajor determinant of NO activity in dis-
sase states. In hypercholesterolaemia, N© production

is increased but EDRF activity is paradoxically
reduced, due to an associated increase in (). produc-

tion [44], EDRF activity can then be increased by L-
arginine supplements [45,46], consistent with relative
substrate depletion as NO production is increased
(possibly by iNOS jctivation). OFRs account for the
endothelial dysfunction induced by reperfusion after
ischaemia [47] and possibly in heart failure [48] when
elevation of angiotensin I is a component ©f the neu-
rohumoral resetting. High intravascular pressure local-
ly increases tissue ACE and angiotensin II in large
arteries and reduces EDRF activity [31]. Nitrate toler-
ance likewise elevates tissue angiotensin I and 02~ pro-
duction and reduces EDRF activity [49]. Angiotensin
11 itself can reduce endothelial ). production [50].

Treatment

Impairment of EDRF activity is not 1irreversible. Clini-
cal trials in hypercholesterolaemic patientg show that
1owering serum cholesterol can, within months,
improve endothelium-dependent coronary artery
dilatation and flow, with some guggestion that a lipid-
lowering drug with anti-oxidant activity (probucol)
may be more effective than lipid lowering alone
[51-53]. Fish oil [54] and exercise [55] have been
shown to improve EDRF activity clinically, and s° may
L-arginine, ACE inhibitors and antioxidants.

EDRF getivity can be measured py gpecial investiga-

tions, eg coronary angiography and flow measure-
ments, but it can also be measured non-invasively by

ultrasound measurements Of systemic conduit artery
diameter. 'Wall tracking' of flow-related dilatation
offers an exciting m=w approach t° measuring gener-
alised impairment ©f EPRF activity 2= surrogate for
atherogenic potential. Precise measurements can be
obtained in individual patients, and interventions to
improve EDRF activity are being put t° the test in rela-
tively small and brief clinical trials. We have ghown, for
example, that flow-related dilatation is impaired in
hypercholesterolaemia in relation to sexrum choles-
terol levels [56], in heart failure [57], in non-insulin
dependent diabetes [58] (hefore microalbuminuria
appears), and in cardiac Syndrome X [59] (see
below) . Deanfield and colleagues, who introduced the
method in principle, have similarly demonstrated loss
of flow-related dilatation in = number of conditions,

including hypercholesterolaemia [60] and gmoking
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[61] . Corroborative evidence relating such measures
of endothelial function to the future development of
clinical atheromatous disease will of course be needed,
but the method holds promise of providing a measur-
able gyrrogate fOT atherogenic susceptibility, To have
something to measure is a seductive stimulus to

monitor management .

Endothelium and atherogenesis

In what yays may endothelium, and gpecifically NO,
participate in the atherogenic process 3P4 its preven-
tion? Atheroma may be considered as the consequence
of a chronic inflammatory process in the intimal Jayerg
of large arteries, initiated by endothelial damage °~ dys-
function [62,63] (Fig 4). Endothelial dysfunction and
activation can be induced by minimally oxidised low
density lipoproteins (LDL) [64]. It can thus De encoux-
aged by increased circulating levels of LDL; by
increased transport of LDL through endothelium and
binding te intimal glycosaminoglycans (GAGs) [65],

allowing greater opportunity f£or oxygenation by OFRS
derived from endothelial and other vascular cells; and

by raised oxidant stress in the vascular wall. Once acti-
vated, endothelial cells gypregg Chemoattractants, adhe-
sion molecules, growth factors and other cytokines
[62,63]. This leads to a gelf-generating interactive cas-
cade of similar phenotypic changes in other cells in the
artery wall, such as smooth muscle cells and mono-
cyte/macrophages. The consequences are that meno-
cytes are attracted to endothelium and migrate into the
intima, where they are transformed into macrocytes,
and following LDL yptake, into foam cells; there also
follows matrix remodelling and matrix dissolution by
t-PA, u-PA and petalloproteinases [66], so freeing vas-
cular smooth muscle cells embedded in the media to
migrate into the intima [§7] and there to proliferate
[68] . Activated endothelial cells also show reduced
EDRF activity with increased (2. production, each of
which can contribute to this process. At every level of
these interacting processes there is the potential for
action and for counteraction, for regulation and
counter-regulation, with much yedundancy °f paths.
Atherogenesis may Pe seen as reflecting =n altered bal-
ance between p,, and gng-'inflammatory' components.
It is becoming apparent that even vascular smooth mus-
cle cell proliferation in the intima (a key component ©Ff
atherogenesig as well as of restenosis fo]lowing angio-
plasty) requires activation of more than one process,
namely both matrix degradation and the stimulus to
migrate @nd proliferate [68], The cytokines, transform-
ing growth factor-(3 (TGF-(3) [69] and platelet derived
growth factor (PDGF), together regulate extracellular
matrix production and cell growth, acting via endothe-
lial and smooth muscle cells (for editorial comment,
see Ref 7(), Effective therapeutic strategies will need to
be focused on key common gteps, such as TGF- (3

activation and c-myc induction [71], among multiple
redundant mechanisms.
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Fig 4. Main pathways in atherogenesis. LOW density lipoproteins (LDL) are oxidised Ly endothelium to pipimally or mere fylly
oxidised LDL (QxLDL), particularly When present in high concentration and for longer in the intima (35 with hjgh intravascular
concentration, high driving pressure, and vasoconstricted state of the muscle 'sieve' in the gpedia) where bound to intimal proteo-
glycans. OxLDL 'activate' (ghaded) endothelial cells to express monocyte chemoattractant protein (MCP-1) and adhesion molecules
(ICAM-1) which attract monocytes teo adhere and pigrate into the intima, there activated to macrophages which become foam
cells following uptake Of OXLDL Via gcavenger receptors. Activated endothelial cells express growth factors and cytokines (platelet-
derived growth factor (PDCF), basic fibroblast growth factor (pFGF) and interleukin-1 (1f-1)) attracting vascular smooth muscle cells
t° migrate from the media and proliferate in the intima. They also express tPA, uPA and metalloproteinases (MMPs) which degrade
matrix, freeing smooth muscle cells to migrate. Activation (ghaded) of endothelial cells, monocytes and vascular smooth muscle
cells is regenerative, ©ach expressing growth factors and cytokines. Regulatory @nd counter-regulatory processes exist and atheroge-
nesis depends on the balance between them. NO may be anti-atherogenic i that it scavanges 02~, ©an prevent monocyte attrac-
tion and intimal plaques i® experimental hypercholesterolemia, causes vasodilatation, increases cyclic GMP which is gantiprolifera-
tive, and will be present at higher concentration at sites of high shear stress where atheroma is less likely.

EDRF activity and atherogenesis: marker or maker? smooth muscle proliferation. There is growing evi-

dence that NO and interventions such as L-arginine
which restore jmpaired EDRF activity, 2180 prevent
monocyte Cchemoattractant protein (MCP-1) expres-
sion and ponocyte adhesion, 0>~ production and neo-
intima formation in experimental atheroma. NO ele-

vates cyclic GMP which is anti-proliferative in vitro

NO activity is impaired by endothelial dysfunction,
and endothelial dysfunction plays a key role in initiat-
ing atherogenesis. Loss of NO aetivity may Pe = marker
of ac least the potential for atheroma, o= it may directly
contribute to atherogenesis. NO has a number of

potential anti-atherogenic actions. Chappell and col-
leagues were among the first to show that EDRF activ-
ity wa= impaired in experimental dietary hypercholes-
terolaemia [72], an Observation now widely
confirmed. Smith and colleagues found that oxidised
LDL activates protein kinase C (PKC) [73] which is
now known to deactivate eNOS, adding yet another
potential mechanism. The paradoxical increase in NO
production with hypercholesterolemia, despite
reduced dilator activity (because of associated (2. pro-
duction) [44,74], appears t© be at least in part due to
cytokine-induced activation of iNOS, as reported in
hypercholesterolaemia [75] and in the comparable sit-
uation of experimental post-angioplasty restenosis
[76], WO inactivates OFRs, and anti-oxidant measures

protect against experimental atheroma and vascular

Journal of the Royal College of Physicians of LondonVol. 30 No. 1 ganuary/February 1996

[77]. Recently, NO has been shown also to inhibit acti-
vation of nuclear factor-KB (NF-kB), = transcription
factor which may be involved in atherogenesis at a
number of points, including expression of MCP-1 and
of NAD (P)H oxidase which increases (2. production
[50,78] . NO vasodilates, relaxing the sieve of vascular
smooth muscle in the media and so promotes faster
transit of ILLDI. through the artery wall. It is noteworthy
that atheroma tends to occur at sites of low endothe-
lial shear stress where NO production will be low. NO
and (2~ may indeed play central and opposing roles in
controlling the balance between health and 'inflam-
(manifest == endothelial gygfunction,
impaired EPRF activity, monocyte recruitment ([79]
and vascular smooth muscle cell proliferation, as in

atherogenesis if prolonged). Whereas NO can

mation'
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scavenge 02~ 17 appropriate relative concentrations,
there is also the alternative outcome that the two can

combine to form peroxynitrate (ONOO | which is
more toxic though less stable and shorter lived. When
OFRS are present in excess, low concentrations of NO
may favour ONOO-formation and NO becomes cast as
the villain, whereas in other circumstances excess NO
scavenges 02~ and NO is good news -

In more advanced agtheroma, the scene changes.
Relevant factors will be predominantly those which
influence plaque stability and thrombosis. There may
also be local endothelial denudation upon which
platelets adhere and sggregate, releasing vasoactive
products and growth factors: in the pregence ©Ff
healthy endothelium, these can induce EDRF release,
vasodilatation and inhibition of further platelet aggre-
gation (negative feedback), whereas in the absence of
endothelium they have the opposite effect (positive
feedback) , thereby localising vasoconstriction and
platelet aggregation to sites of endothelial ipjyry, In
the comparable situation of neointimal hyperplasia
following experimental angioplasty exogenous N©
donors inhibit platelet adhesion acutely [80] and
chronically reduce the neointimal growth largely
responsible for restenosis ([81], suggesting that this
line of potential therapy Should not be jgnored.
Indeed, recent experiments with NOS gene transfer
elegantly confirm its potential [82] . Once advanced
lipid-filled atheromatous plaques have developed, they
are vulnerable to Assuring at sites of weakness; throm-
bus then forms on the figgure, as influenced by flow
and by the balance of pro- and anti-thrombotic and
fibrinolytic factors. Relative proportiong Of macxo-
phages (which produce 02~) and of vascular smooth
muscle cells (which lay down fibrous pmatrix) are likely
to determine sites of weakness and potential fissuring
in the fibrous cap [83]. Whether adjacent endotheli-
um then greatly influences subsequent thrombus for-
mation directly is doubtful, since it is likely to be
severely dysfunctional.

Microvascular endothelial dys function

Endothelial dygfunction, When present, ¢ usually gen-
eralised. Microvascular endothelial dysfunction may
thus commonly coexist with atheroma (clinically mani -
fest largely == = result of late complications such as
plaque rupture 279 thrombosis). Each, however, may
be clinically silent until severe and/or complicated.
The haemodynamic impact ©f endothelial dysfunction
will be greater in microvessels than in large arteries.
Haemodynamically relevant gysfunction may, however,
be underestimated clinically because it is unrecog-

nised or attributed to coexistent atheroma upstream

It is ]ikely, for example, t° contribute to the impair-

ment of coronary perfusion reserve following succes-

ful thrombolysis. It may Pecome clinically relevant with
any ©f the known causes of endothelial dysfunction,
including many ©f the manifestations of ageing itself.
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Syndrome X

The term, as used by cardiologists, ¢ applied 2= = diag-
nostic label to patjents WRO experience unexplained
angina, with positive exercise test and normal coro-
nary angiogram [84]. The name stems from the early
1970s when the advent of catheterisation revealed that
not all angina was what it seemed. Though in many
cases it is due to non-cardiac chest pain, some Of these
patients undoubtedly 9°© experience true angina °F
effort, due by inference, to microvascular dysfunction
('microvascular anginau)_ Efforts to incriminate the
endothelium have generally been inconclusive oxr have
failed to exclude other causes of endothelial dysfunc-
tion, but a recent report from Japan (where atheroma-

tous coronary artery disease (CAD)
and the clinical substrate for microvascular dysfunc-

is less common

tion may be ‘cleaner') provides good evidence of
underlying coronary endothelial gysfunction [85]. We
too have recently demonstrated endothelial dysfunc-
tion in a group of patients with microvascular angina
in whom other known causes for endothelial dysfunc—
tion were excluded [59]. EDRF activity does indeed
appear t Pe impaired in patients With Syndrome X,
though whether this is sufficient cause for their
clinical angina is another question.

Insulin resistance

Among patients with Syndrome X, moderate hyperten-
sion is relatively ==mme= though It 18 gpecifically
excluded in most reported series. Digbetes, a condi-
tion known to be associated with small vessel disease, is
likewise excluded from reported studies. The experi-
mental combination of these two conditions results in
foci of myocardial necrosis attributed to coronary
microvascular dysfunction [86], (linically, Poth a=e
associated with endothelial dysfunction and with
atheroma. We therefore investigated whether g5
drome X is associated with subclinical diabetes and
found that glucose tolerance tests did indeed induce a
hyperinsulinaemic response
has since been confirmed in patients with Syndrome x

[87]. Insulin resistance

by a numbexr of groups [88-90] . More recently we have
shown that it is the levels of pro—insulin and Split pI‘Od-
ucts which are raised, along with c_peptide (ag & mea-
sure of insulin release from pancreatic P-CEHS), where-
as true insulin levels (measured by enzyme—linked
immunosorbent assay (ELISA)) remained entirely nor-
mal in response to @ modified intravenous glucose tol-
erance test [91]. A high ratio of pro-insulin and split
products to insulin is thouyght te reflect pancreatic f-
cell dysfunction in insulin resistance and in non-
insulin dependent diabetes, and may contribute to
atheroma [92,93]. This observation in the absence of
overt atheroma thus broadens the clinical issue of vas-
cular dysfunction to include the microvessels, consis-
tent with a unifying role for endothelial dysfunction.
Moreover, microvascular angina is now to be added to
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the growing list of conditions, which include hyper_
cholesterolaemia, hypertension, diabetes and heart
failure [94], in which endothelial dysfunction is associ-
ated with insulin resistance. Insulin resistance, like
eNOS jetiyity, is moreover influenced by physical activ-
ity [95]. The idea that endothelial dysfunction and
insulin resistance may be causally related is beginning
to take root. Insulin resistance is coupled to glucose
uptake for which the mass of skeletal muscle is largely
responsible, and increased glucose uptake appears ©°
be due in to an NO-mediated [96,697] increase in
part /
blood flow [98] as well as in arteriovenous glycose dif-
ference. This suggests that cellular perfusion is a limit-
ing condition and raises the possibility that insulin

resistance pgy be = consequence ©F inadequate tissue
perfusion due to loss of EDRF activity (which may

result in heterogeneity ©f perfusion, see above), either
y p /
directly or as it mediates insulin's vasodilator effect.

Although the cardiologists's Syndrome * has totally
different origing £rom the gipilarly named gyndrome
more recently used to label the epidemiological associ-
ation between atheroma, hypertension, dyslipidaemia
and insulin resistance [99], it is becoming evident that
the two syndromes X have much in common. Indeed,

insulin resistance is a suspiciougly cemmen participant
of all conditions associated with atheroma, and its
potential role in vascular disease is the subject of
intense research reaching £ar beyond the territory of

the giabetologists. Alternatively, it could be the marker

of endothelial dysfunction as the real culprit?or it
could both cause and effect. Pro-insulin and insulin

have been reported t° induce plasminogen activator
inhibitor type-1 (PAI-1) [100], which in turn reduces

TGF_(3 activation, seo linking in with that line of

thought ir atherogenesis [69].
Now, the challenge will be to synthesise the whole
from the growing number of interactive components,

their redundancies, their checks and balances, and
their disbalances in disease.
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