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Abstract Key discoveries in the past decade revealed that the endothelium can modulate the tone of underlying 
vascular smooth muscle by the synthesis/release of potent vasorelaxant (endothelium-derived relaxing factors; EDRF) 
and vasoconstrictor substances (endothelium-derived contracting factors; EDCF). it has become evident that the 
synthesis and release of these substances contribute to the multitude of physiological functions the vascular 
endothelium performs. Accumulating evidence suggests that at least one of the EDRFs is identical with nitric oxide (NO) 
or a labile nitroso compound, which is produced from L-arginine by an NADPH- and Caz+-dependent enzyme, arginine 
oxidase. The existence of more than one chemically distinct EDRF has been proposed, including an endothelium- 
derived hyperpolarizing factor (EDHF). The target of EDRF (NO) is soluble guanylate cyclase (increase in cyclic GMP) 
while EDHF appears to activate a K'-channel in vascular smooth muscle. Recent data suggest that muscarinic receptor 
subtypes selectively mediate the release of EDRF(N0) (M,) and EDHF (M,). EDRF(N0) affects not only the underlying 
vascular smooth muscle, but also platelets, inhibiting their aggregation and adhesion to the endothelium. The 
antiaggregatory effect of EDRF is synergistic with prostacyclin, so their combined release may represent a physiological 
mechanism aimed at preventing thrombus formation. An additional proposed biological function of EDRF(N0) is 
cytoprotection by virtue of scavenging superoxide radicals. The endothelium can also mediate vasoconstriction by the 
release of a variety of endothelium-derived contracting factors (EDCF). Other than the unique peptide endothelin, the 
nature of EDCFs has not yet been firmly established. Autoregulation of cerebral and renal blood flow and hypoxic 
pulmonary vasoconstriction may represent the physiological role of endothelium-dependent vasoconstriction. Growing 
evidence indicates that the endothelium can serve as a unique mechanoreceptor, sensing and transducing physical 
stimuli (e.g., shear forces, pressure) into changes in vascular tone by the retease of EDRFs or EDCFs. In physiological 
states, a delicate balance exists between endothelium-derived vasodilators and vasoconstrictors. Alterations in this 
balance can result in local (vasospasm) and generalized (hypertension) increase in vascular tone and also in facilitated 
thrombus formation. Endothelial dysfunction may also contribute to the pathophysiology of angiopathies associated 
with hypercholesterolemia and atherosclerosis. 
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It has been known for a long time that the 
endothelium has unique properties which pre- 
vent the formation of thrombi. The traditional 
view, that this important task is achieved be- 
cause of the physical characteristics (smooth 
surface, physical barrier, etc.) of the endothe- 
lium has been changed dramatically in the past 
two decades. It is now well established that the 
endothelial cell plays an active role in a variety 
of physiological functions including mainte- 
nance of the fluidity of the blood, modulation of 
the tone of underlying vascular smooth muscle, 
inflammatory and immunological processes, etc. 
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Studies in the past 10 to 15 years revealed that 
the endothelial cell is a storehouse of biologically 
active substances, which are involved in the 
multitude of functions the endothelium per- 
forms. The discovery that the endothelium syn- 
thesizes and releases potent vasoactive factors 
opened a new era in cardiovascular sciences. 
Although much remains to be done before the 
true importance of all the newly characterized 
factors will be understood, the present knowl- 
edge already allows speculation on some of the 
important physiological and pathological pro- 
cesses where endothelium-derived vasoactive fac- 
tors may play a role. In addition to describing 
these factors this review will summarize some of 
their potential functions, including modulation 
of vascular tone, prevention of platelet aggre- 
gation and thrombus formation, and cytopro- 



28 Rubanyi 

tection. The mechanosensor-function of the 
endothelium and its potential physiological im- 
portance as well as the pathological conse- 
quences of endothelial dysfunction will also be 
reviewed. 

ENDOTH ELI UM-DERIVED VASOACTIVE 
FACTORS: MODULATION OF VASCULAR 

TONE BY THE ENDOTHELIUM 
Endothelium-Derived Relaxing Factors 

The first endothelial vasoactive substance was 
discovered in the late ' ~ O S ,  when it was demon- 
strated human vascular endothelial cells synthe- 
size prostacyclin, a potent vasorelaxant and 
platelet inhibitory metabolite of arachidonic acid 
[l l  (Fig. 1). 

After the cornerstone observation of Furchgott 
and Zawadzki in 1980 [2] that the presence of 
endothelium is obligatory for acetylcholine- 
induced vasorelaxation, bioassay studies demon- 
strated that a very labile, diffusible, non-pros- 

tanoid substanceb) (called endothelium-derived 
relaxing factor, or EDRF) mediates endothelium- 
dependent vasorelaxation [31 (Fig. 1). 

EDRF is released under basal conditions and 
upon stimuIation [4]. Among the many physio- 
logic stimuli that can elicit the release of EDRF 
are platelet products, thrombin, hormones, neu- 
rotransmitters, local autacoids, changes in oxy- 
gen tension, and increase in flow (shear stress) 
c41. 

Nature of EDRF. The discovery that simi- 
lar to nitric oxide (NO) the effect of EDRF is 
mediated by an increase in smooth muscle cyclic 
GMP content [51, and hemoglobin [61 and super- 
oxide anions [71 inactivate both NO and EDRF, 
it was proposed that EDRF and NO are the same 
[8,9]. The demonstration of NO production by 
endothelial cells provided more direct evidence 
for this hypothesis [lo]. 

However, several findings argue against the 
concept that EDRF is identical with NO. Nitric 
oxide and EDRF are differentially retained by 

Shear Stress (Flowb) 

I *th \ ACh 

A 
M m L - G i n i n e  

Endothelial Cell 

Vascular Smooth 
Muscle Cell 

Fig. 1. Endothelium-derived relaxing factors and their effect on vascular smooth muscle. Prostacyclin (PCI,) is a 
vasodilator metabolite of arachidonic acid (AA) which stimulates smooth muscle adenylate cyclase and elevates 
cyclic AMP (CAMP). Inhibitors of cyclooxygenase (e.g., indomethacin; Indo) prevent the synthesis/release of PCI,. 
Endothelium-derived relaxing factor (EDRF) is synthesized from L-arginine in endothelial cells via an enzyme 
(arginine-oxidase) requiring NADPH, oxygen (Q), and calcium ions (Ca2'). Arginine analogues (e.g., LNMMA) inhibit 
the synthesis of EDRF. EDRF may be identical with nitric oxide (NO) or with a labile nitroso compound (R-NO). 
EDRF(N0) stimulates soluble guanylate cyclase and elevates cyclic GMP (cCMP) level in vascular smooth muscle. 
Endotheiial cells also release a putative hyperpolarizing factor (EDHF), which probably acts via activation of a 
potassium (K') channel. The nature of EDHF is not known yet. Acetylcholine (ACh) (by acting on M,-muscarinic 
receptor) and shear forces stimulate the synthesis/release of PGI, and EDRF(N0). Activation of M,-muscarinic 
receptors stimulates synthesisirelease of EDHF. 
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anionic exchange columns [ l l l  and EDRF (but 
not NO) shows striking stability during chroma- 
tography and lyophilization [12]. Neither the 
spectrophotometric method nor the chemilumi- 
nescence method (using an acidic reducing re- 
flux chamber) used for the detection of NO can 
distinguish it from nitrite or labile nitroso spe- 
cies; thus neither method can determine whether 
EDRF was a labile precursor of NO or free NO 
itself. Using a modified chemiluminescence tech- 
nique (without reflux chamber) in which NO is 
directly measured in the effluent, it was found 
that the concentration of NO generated by endo- 
thelial cells could not account for the relaxation 
observed in bioassay preparations [13]. 

Analyzing whether EDRF and NO are the 
same, we found that when solutions of EDRF 
and NO with similar relaxing activity were 
passed through a hemoglobin-agarose column, 
only the authentic NO solution gives an NO-Hb 
electron paramagnetic resonance (EPR) signal 
[141. This important difference between free NO 
and EDRF was substantiated by recent observa- 
tions using the EPR technique. No NO-Hb for- 
mation was found in the medium of cultured 
endothelial cells stimulated by various agonists 
(Dr. M. Peach, personal communication). EDRF 
released from perfused canine carotid arteries 
by acetylcholine could not be detected as a para- 
magnetic dinitrosyl ion complex by EPR [15]. 
These findings could be explained if EDRF re- 
leased from endothelial cells is a nitric oxide 
containing substance (and not free NO) which 
does not produce detectable (by EPR) NO-Hb at 
a concentration which has the same bioactivity 
(i.e., vasorelaxation) as free NO. 

A possible candidate for such substance is a 
nitrosothiol. The most commonly available thiol 
compounds in mammalian tissues are cysteine 
and cystine and the nitrosothiol formed by the 
reaction of cysteine and NO is S-nitroso-L- 
cysteine (cysNO). This hypothesis has been sup- 
ported by recent findings showing that cysNO 
but not NO shows similarities to EDRF [161. 

We also tested whether, in contrast to NO, 
cysNO behaves similar to EDRF in the EPR test 
(i.e., no detectable NO-Hb at concentrations of 
cysNO which evoke vasorelaxation) [171. Al- 
though authentic NO and cysNO relaxed canine 
coronary artery rings with similar potency, the 
lower detection limit by EPR of cysNO was more 
than two orders of magnitude higher than that 
of NO. At concentrations which cause vasorelax- 
ation similar to EDRF, only NO but not cysNO 

could be detected as NO-Hb by EPR. These 
findings suggest that cysNO (or other S-nitro- 
sothiols with similar characteristics), but not 
free NO, is likely to be the EDRF released by 
ACh from the endothelium of canine femoral 
arteries. This possibility is further supported by 
the demonstration that bradykinin increased 
the efflux of 35S from cultured bovine pulmonary 
endothelial cells preincubated with 35S-cysteine 
U71. 

L-arginine is the precursor of EDRF. Al- 
though it is still uncertain whether EDRF is free 
NO or a labile nitroso compound from which NO 
is liberated (or both), it is widely accepted that 
L-arginine is the substrate required for forma- 
tion of NO and EDRF (Fig. l). 

Vascular endothelial cells in culture synthe- 
size NO from the terminal guanido nitrogen 
atom(s) of L-arginine [ 181. This reaction is spe- 
cific, since other analogs of L-arginine, including 
its D-enantiomer, are not substrates. Further- 
more, NG-monomethyl-L-arginine (L-NMMA) in- 
hibits the reaction in a dose-dependent and enan- 
tiomerically specific manner. This inhibition can 
be reversed by L-arginine in a way which sug- 
gests a competition between the inhibitor and 
the substrate. Using homogenates of porcine 
vascular endothelial cells, the enzyme responsi- 
ble for this reaction was partially characterized: 
it is NADPH-dependent, requires a divalent cat- 
ion, and forms L-citrulline as a coproduct [191. 

Endothelium-derived hyperpolarizing 
factor. In addition to the “classical” EDRF 
(NO), the existence of other, chemically dif- 
ferent, nonprostanoid relaxing mediators [20], 
including an endothelium-derived hyperpolariz- 
ing factor (EDHF) [21] was proposed (Fig. 1). 

In a bioassay system using perfused segments 
of canine femoral arteries (donor) and super- 
fused canine coronary artery rings (acceptor) 
acetylcholine caused a biphasic release of EDRF 
[3]. Catecholamines affected the two phases dif- 
ferently: they prevented the secondary sus- 
tained response but only moderately depressed 
the initial transient phase. In contrast, treat- 
ment of the endothelium in the perfused seg- 
ment with quinacrine (a phospholipase A, inhib- 
itor) prevented the first transient phase but had 
no effect on the later sustained relaxation. Sub- 
sequent bioassay experiments demonstrated that 
three different inhibitors of the metabolism of 
arachidonic acid (quinacrine, NDGA, metyrap- 
one) selectively prevented the first but not the 
second phase of the biphasic concentration- 
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relaxation curve to acetylcholine [ZO]. These 
findings suggested the existence of two chemi- 
cally different endothelium-derived relaxing fac- 
tors. 

In similar bioassay experiments low concentra- 
tions of acetylcholine caused only transient relax- 
ations while higher concentrations of acetylcho- 
line caused sustained decreases in tension [22]. 
Atropine (non-selective muscarinic receptor an- 
tagonist) inhibited the two phases of the bipha- 
sic concentration-relaxation curve with similar 
potencies. Pirenzepine (selective antagonist of 
MI-muscarinic receptors) inhibited both phases 
in a competitive manner but exhibited signifi- 
cantly higher potency against the first phase. 
Compound McN-A-343 (selective MI-muscarinic 
receptor agonist) induced only transient relax- 
ations, whereas carbachol (selective M,-muscar- 
inic receptor agonist) caused sustained relax- 
ations. These findings suggested the existence of 
two muscarinic receptor subtypes (M, and M,) 
on vascular endothelium, which may mediate 
the release of different EDRFs. 

This suggestion was confirmed by electrophys- 
iological experiments, showing that parallel with 
sustained vasorelaxation, acetylcholine evokes 
transient hyperpolarization of rabbit saphenous 
artery smooth muscle cells [23]. Oxotremorine 
(M,-agonist) caused vasorelaxation, but did not 
alter the membrane potential. Atropine pre- 
vented both responses with similar potency, but 
pirenzipine inhibited the transient hyperpolar- 
ization with higher potency than the relaxa- 
tions. It was concluded, that similar to canine 
femoral arteries [22], two types of muscarinic 
receptors are located on endothelial cells of the 
rabbit saphenous artery, and stimulation of ei- 
ther receptor would release a different endothe- 
hum-derived relaxing substance: stimulation of 
the M,-receptor subtype triggers the release of 
EDHF (causing relaxation by activating a K'- 
channel), and that of the M,-receptor subtype 
would release EDRF(N0) (causing relaxation 
via cyclic GMP) 1241. 

Chen et al. [2l] postulated the existence of an  
EDHF by demonstrating that inhibitors of 
EDRF, such as oxyhemoglobin and methylene 
blue inhibited vasorelaxation by ACh, but did 
not alter the endothelium-dependent smooth 
muscle hyperpolarization. 

The different sensitivity of the mechanical 
and electrophysiological responses to oxyhemo- 
globin and methylene blue indicates that the 
hyperpolarizing factor must be chemically dif- 

ferent from EDRF. However, the nature of this 
putative substanceb), EDHF, is still unknown. 

Endothelium-Derived Contracting Factors 

The observation that removal of the endothe- 
lium from canine femoral arteries significantly 
reduced the contractions evoked by several ago- 
nists and hypoxia was the first indication that 
the endothelium not only mediates relaxation of 
the underlying vascular smooth muscle but can 
also facilitate smooth muscle contraction [25]. A 
subsequent bioassay study provided the first 
evidence for the existence of a diffusible endothe- 
lium-derived contracting factor released from 
canine coronary and femoral arteries during 
hypoxia [26]. Ample experimental evidence, ac- 
cumulated over the past years, has clearly estab- 
lished the existence of endothelium-dependent 
vasoconstriction mediated by a variety of endo- 
thelium-derived contracting factor(s) (EDCF) 
[27] (Fig. 2). 

Endothelium-dependent vasoconstriction can 
be stimulated by naturally occurring substances 
(e.g., acetylcholine, arachidonic acid, norepineph- 
rine, prostaglandin H,, thrombin), pharmacolog- 
ical agents (e.g., calcium ionophores, nicotine, 
high K+), physical forces (stretch, pressure), and 
hypoxia 1271. 

The endothelium-derived contracting fac- 
tor(s) mediating endothelium-dependent vaso- 
constriction belong to three major categories: 
vasoconstrictor metabolites of arachidonic acid 
or free radicals (superoxide anion was postu- 
lated to be one of the EDCFs) (EDCF,); the 
EDCF released by severe hypoxia, the nature of 
which has not been identified yet (EDCF,); and a 
potent peptidergic vasoconstrictor substance pro- 
duced by endothelial cells in culture (EDCF,) 
which in contrast to the prompt and reversible 
contraction triggered by the other EDCFs, causes 
slowly developing, and long-lasting vasoconstric- 
tion 1281. 

The mechanism of vasoconstriction by ED- 
CFs involves facilization of Ca2+-influx and stim- 
ulation of phosphoinositol turnover (EDCF, and 
EDCF,) in vascular smooth muscle [27] (Figure 
2). The exact mechanism of EDCF,-induced vas- 
cular contraction remains to be determined. 

Endothelin. The potent peptidergic vasocon- 
strictor (EDCF,) has been recently isolated and 
identified as endothelin, a unique polypeptide 
containing 21 amino acids 1291. 

Endothelin is produced by cultured endothe- 
lial cells under basal conditions and in response 
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Fig. 2. Endothelium-derived contracting factors (EDCFs) that mediate endothelium-dependent vasoconstriction. 
There are at least three different EDCFs. The release of one can be inhibited by blockers of cyclooxygenase (e.g., 
indomethacin; Indo), which is presumably a metabolite of arachidonic acid (AA) or a free radical, like superoxide 
anion (EDCF,). The second EDCF is released by severe hypoxia (EDCF,), which i s  indomethacin insensitive. The 
nature of this factor i s  not known yet. Endothelial cells also synthesize and release a very potent peptidergic 
vasoconstrictor (EDCF,), which was recently identified as the 21 amino acid peptide, endothelin. It is st i l l  uncertain 
which stimuli activate its release in vivo. EDCF, and endothelin facilitate Ca2+-influx and stimulate phosphatydilinosi- 
to1 (Pi) hydrolysis in vascular smooth muscle. The mechanism of action of EDCF, is unknown (?). 

to a variety of stimuli (e.g., thrombin) in a 
constitutive manner; it can be detected in the 
culture medium only several hours after stimu- 
lation. Because of its high vasoconstrictor po- 
tency and long-lasting action, endothelin is a 
potential candidate to trigger and maintain va- 
sospastic episodes. The interested reader is re- 
ferred to a recent review [30] which summarizes 
the progress made in the past two years with 
this new peptide family. 

ENDOTHELIUM AND PLATELETS: 

VASOSPASM AND PLATELET AGGREGATION 

One of the primary functions of vascular en- 
dothelium is to maintain the normal fluidity of 
blood. Among other mechanisms, this is achieved 
by the synthesis and release of anticoagulant 
(e.g., thrombomodulin) fibrinolytic (e.g., t-PA), 
and platelet inhibitory (e.g., prostacyclin, EDRF) 
substances. 

Prostacyclin is one of the most potent inhibi- 
tors of platelet aggregation [l]. In addition to 
vasorelaxation, EDRF(N0) inhibits platelet ag- 
gregation 1311 and platelet adhesion 1321 in vitro. 

Although they have different mechanisms of 
action, EDRF and prostacyclin can interact syn- 

PROTECTION AGAINST PLATELET-INDUCED 

ergistically to inhibit platelet aggregation. EDRF 
acts by elevation of cyclic GMP, whereas prosta- 
cyclin causes the elevation of cyclic AMP. The 
antiaggregating activity of both EDRF and au- 
thentic NO is potentiated by subthreshold con- 
centrations of prostacyclin. Similarly, subthresh- 
old concentrations of NO and EDRF potentiate 
the antiaggregating activity of prostacyclin [32]. 

Aggregating platelets cause contraction in 
rings of coronary artery isolated from dog, pig, 
and human hearts [33,341. These contractions 
are enhanced if the endothelium had been re- 
moved. If the rings were first contracted, expo- 
sure to aggregating platelets caused relaxation 
in rings with endothelium, but further contrac- 
tion was observed in rings without endothelium 
[33,34]. 

Similar to several vasoactive substances, plate- 
let-induced endothelium-dependent relaxation 
is mediated by EDRF (i.e., methylene blue and 
hemoglobin prevent the relaxations) and not by 
prostacyclin (i.e., inhibition of cyclooxygenase 
had no effect on the response) 1341. Thus, aggre- 
gating platelets release substances that cause 
endothelium-independent vasoconstriction and 
in parallel trigger endothelium-dependent inhi- 
bition of smooth muscle contraction. It has been 
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proposed that adenosine diphosphate (ADP) and 
serotonin (5-HT) are the main platelet products 
which trigger the synthesis release of EDRF 
[321. 

EN DOTH ELlUM AND POLYMORPHON UCLEAR 
LEUKOCYTES (PMN): CYTOPROTECTIVE 

RELAXING FACTORS 
FUNCTION OF ENDOTHELIUM-DERIVED 

Release of superoxide anion radical from acti- 
vated PMNs contributes to the pathogenesis of 
various cardiovascular diseases 1351. It has been 
postulated that one of the biological actions of 
EDRF(N0) may be to provide a protective chem- 
ical barrier against cytotoxic free radicals. This 
hypothesis is based on the facts that superoxide 
anion interacts with EDRF and inactivates it [7] 
and that the oxidation potential of NO (believed 
to be identical with one of the EDRFs) makes it 
able to scavenge superoxide anion 1361. 

This hypothesis was tested experimentally us- 
ing human PMNs activated by fh4LP 1371. Au- 
thentic NO depressed the reduction of cy- 
tochrome c evoked by superoxide anion released 
from PMNs. The activity was concentration- 
dependent and occurred at dilutions of a satu- 
rated solution of NO that caused relaxation of 
isolated canine coronary arteries and inhibited 
aggregation of human platelets. The ability of 
NO to suppress reduction of cytochrome c by 
superoxide radicals generated by the xanthine 
oxidase + hypoxanthine reaction suggested that 
the most likely explanation for the observed 
phenomenon is scavenging (inactivating) of su- 
peroxide by anion NO [37]. In contrast, prostacy- 
clin may act as inhibitor of adhesion of PMNs to 
the blood vessel wall (margination) 1381. These 
findings support the hypothesis that one impor- 
tant biological function of EDRF(N0) may be to 
provide a chemical barrier to cytotoxic free radi- 
cals (e.g., superoxide anion), and may act syner- 
gistically with prostacyclin to prevent tissue dam- 
age by activated PMNs. 

MECHANORECEPTION BY THE ENDOTHELIUM 

It has long been recognized that blood vessels 
have the ability to sense changes in mechanical 
forces: rapid elevation of intraluminal pressure 
triggers vasoconstriction, which contributes to 
the autoregulation of blood flow in certain or- 
gans. The site of mechanoreception in the vessel 
wall was thought to be the vascular smooth 
muscle. Recent studies have shown that the 
endothelium may also be the site of mechanore- 

ception; its presence is essential to observe 
changes in vascular smooth muscle tone in sev- 
eral blood vessels evoked by increases in flow/ 
shear stress [39,40] and stretchlpressure [41- 
431 (Figure 3). 

Flow-Induced Endothelium-Dependent 
Vasodilatation 

Increases in flow rate dilate large conduit 
arteries in vivo, which is dependent on func- 
tional endothelium [39]. Bioassay studies re- 
vealed that increases in mean flow rate or intro- 
duction of pulsatile flow stimulates the release 
of EDRF and prostacyclin from the endothelium 
of perfused canine arteries [40]. 

It has been shown that the response of cul- 
tured endothelial cells to shear stress is opposite 
to that proposed for pressure, that is, membrane 
depolarization (see below), since shear stress 
causes membrane hyperpolarization and activa- 
tion of the inward rectifying potassium channel 
of the endothelial cell membrane [441. Opposing 
interactions between pressure and shear stress 
on the release of EDRF from canine carotid 
arteries was also reported [43] (Figure 3). 

Stretch- and Pressure-Induced 
Endothelium-Dependent Vasoconstriction 

Rapid stretch of isolated rings of canine basi- 
lar arteries evokes contraction which can be 
prevented by removal of the endothelium and 
significantly reduced by indomethacin [41]. 
Thus, the endothelium-dependent contractions 
to stretch in canine basilar arteries must be 
mediated, at least in part, by vasoconstrictor 
cyclooxygenase products released from endothe- 
lial cells (Figure 3). 

Elevation of intraluminal pressure in a per- 
fused segment of canine carotid artery evokes 
vasoconstriction which also can be prevented by 
removal of the endothelium [43]. In contrast to 
stretch-induced responses in rings of basilar ar- 
tery, the endothelium-mediated contractions of 
perfused canine carotid artery segments in re- 
sponse to rapid increases in transmural pres- 
sure were not affected by indomethacin [43]. 
This then suggests that the contractile factor(s) 
produced in endothelial cells in response to 
stretch may be different in blood vessels from 
different anatomical origin. In bioassay studies, 
pressure-induced contraction of the donor ca- 
rotid artery segment was accompanied by con- 
traction of an artery ring, superfused by the 
effluent from the donor segment, indicating that 
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Fig. 3. Mechanoreception by the endothelium. The endothelial cell (EC) serves as a unique sensor of shear forces 
(left), transmural pressure (middle), and rapid stretch (right). By virtue of releasing vasoactive substances, EC can 
transduce changes in these physical forces into changes in vascular tone. Shear force (increases in blood flow) 
stimulates the release of PCI, and EDRF(N0) and causes vasodilation (see also Figure 1). Increase in transmural 
pressure evokes vasoconstriction via suppression of the release EDRF (e.g., canine carotid artery), facilitation of the 
release of a still unidentified EDCF (e.g., feline cerebral artery), and direct activation of smooth muscle. Rapid stretch 
of canine basilar arteries causes endothelium-dependent contraction by the release of a cyclooxygenase product of 
arachidonic acid (AA) (EDCF,; see also Figure 2). 

the phenomenon is mediated by a diffusible en- 
dothelium-derived vasoactive factor(s). Since 
methylene blue prevented the contractions, it 
was postulated that the cause of the phenome- 
non in this preparation is pressure-induced sup- 
pression of the release of EDRF [43] (Figure 3). 

Elevation of intraluminal pressure in isolated 
segments of cat cerebral arteries depolarizes the 
vascular smooth muscle cells and the internal 
diameter of the vessel is either maintained or 
reduced [42]. When the endothelial lining of 
cerebral vessels is disrupted, the vessels dilate 
as transmural pressure is elevated and mem- 
brane potential does not change [42]. Bioassay 
studies demonstrated that pressure-induced en- 
dothelium-dependent contraction and mem- 
brane depolarization in feline cerebral arteries 
is mediated by diffusible factorb) [451, the na- 
ture of which remains to be determined (Figure 
3 ) .  

These observations suggest that the endothe- 
lium may serve as a unique mechanosensor of 
flow rate and pressure. Increases in flow rate 
(shear stress) stimulate the synthesidrelease of 
EDRF in endothelial cells. Although the cellular 
mechanisms remain to be determined, this 

unique function of the endothelium may contrib- 
ute to the local adjustment of vascular tone 
under various conditions, (i.e., negative feed- 
back regulation of shear forces acting on endo- 
thelial cells). Several evidences suggest that ac- 
tive contraction of vascular smooth muscle in 
response to increases in pressure is mediated by 
the endothelium. Pressure-induced vasoconstric- 
tion may be mediated by reduced release of 
EDRF and/or EDHF, by facilitated release of 
endothelium-derived constrictor factors (EDCF), 
and by direct action on vascular smooth muscle 
cells (Figure 3).  Thus the endothelium can serve 
as a pressure-transducer and may mediate or 
contribute to the “myogenic” response, origi- 
nally thought to be of smooth muscle origin. 
This recently revealed regulatory mechanism 
may play a role in autoregulation of blood flow 
in the cerebral and renal vascular beds. 

ENDOTHELIAL DYSFUNCTION 

Endothelial dysfunction (characterized by an 
imbalance between the production of prostacy- 
clin and thromboxane &, EDRFs and EDCFs, 
and pro- and anticoagulation factors) could lead 
to hyperreactivity of underlying vascular smooth 
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muscle and pathologically elevated vascular tone 
(vasospasm), and to activation, adhesion, and 
aggregation of platelets (thrombosis) (Figure 4). 
Some of these potential consequences have been 
demonstrated experimentally in a variety of ani- 
mal models of endothelial injury and dysfunc- 
tion and also in human coronary artery disease. 
A brief summary of findings in atherosclerosis 
will illustrate the existence and importance of 
this “syndrome.” 

Impairment of Endothelium-Dependent 
Vasodilation in Atherosclerosis and 

H ypercholesterolemia 

Chronic feeding of cholesterol-enriched diet 
to certain animals leads to atherosclerotic le- 

sions, similar to those observed in the human 
disease. Diet-induced experimental atherosclero- 
sis impairs endothelium-dependent vasorelax- 
ation [46], but generally leaves endothelium- 
independent relaxations intact. Similar to these 
animal experiments, atherosclerotic human cor- 
onary arteries (both in vitro and in vivo) show 
impaired endothelium-dependent dilation to in- 
tracoronary infusion of acetylcholine, but not to 
nitroglycerine [47]. Hypercholesterolemia was 
found to be one of the most important factors 
which predicts endothelial dysfunction in hu- 
man coronary arteries [47]. 

Several possible mechanisms were proposed, 
including reduced synthesis of EDRF(s), altered 
membrane receptor coupling mechanisms af- 

Endot he1 ial 
Cel I 

Vascular 
Smooth 
Muscle 

Cell 

Fig. 4. Endothelial dysfunction and some of its pathological consequences. The protective functions of the 
endothelium (i.e., inhibition of platelet aggregation and platelet-induced vasoconstriction, suppression of vascular 
reactivity, etc.) are depressed or lost in pathological conditions (e.g., endothelial injury after angioplasty, hypercho- 
lesterolemia, and atherosclerosis). Dysfunctional endothelial cells loose their ability to synthesizehelease prostacy- 
clin (PGI,) and EDRF (left), and to metabolically degrade vasoconstrictor substances (eg,  5-HT). However, the 
synthesisirelease of EDCFs is maintained or even enhanced in injured cells (middle). Platelet adhesion and 
aggregation is stimulated by contact with collagen in the damaged vessel wall, which is unopposed because of the 
lack of PGI, and EDRF (left). The predominance of proaggregant and procoagulant stimuli will lead to the formation of 
platelet thrombi, and the continuous formation by and release from platelets of thrombin, serotonin (5-HT), and 
thromboxane A, (TXA,) can cause vasoconstriction by acting directly on vascular smooth muscle (right) and by 
facilitating the release of EDCFs (middle) from endothelial cells. Thus vasospasm and thrombosis may occur at sites 
of endothehal dysfunction where the protection by EDRF(s) is reduced or lost. 
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fecting synthesis of EDRF(s), and/or impaired 
diffusion or augmented destruction of EDRF(s) 
in the intima. Alternatively endothelium-depen- 
dent relaxation can be reduced by the concomi- 
tant augmented synthesislrelease or action of 
endothelium-derived contracting factods). Thus 
there are a variety of mechanisms (probably 
acting in concert in a complex manner in the 
different animal models and in the human dis- 
ease) which can contribute to impaired endothe- 
lium-dependent vasodilation. 

Consequences of Endothelial Dysfunction in 
Coronary Artery Disease 

Clinical and experimental observations sug- 
gest that atherosclerosis alters vascular reactiv- 
ity. Coronary vessels with atherosclerosis are 
more susceptible to spasm induced by ergonovine 
and may be predisposed to spontaneous coro- 
nary vasospasm 1471. 

It seems likely that persistent coronary occlu- 
sion can result from and involve a number of 
critical vascular reactions. These include (1) lo- 
cal hyperreactivity of smooth muscle resulting 
from supersensitivity to constrictive stimuli or 
the loss of endothelium-dependent relaxation 
mechanisms, and (2) the presence of a throm- 
botic tendency due to hyperaggregable platelets 
and/or activated coagulation factors in a local 
environment where normal inhibitory mecha- 
nisms have been diminished or lost (Figure 4). 

FUTURE PROSPECTS 

The discovery of endothelium-derived vasoac- 
tive factors in the last decade and their potential 
contribution to many bodily functions in health 
and disease revolutionized cardiovascular sci- 
ences similar to the discovery of the control by 
autonomic nerves of the circulation almost a 
century ago. Although major progress has been 
made in the past years, several key questions 
need to be clarified in the future. For example, it 
remains to be determined whether the “classi- 
cal” EDRF is identical with free NO or with a 
labile NO precursor, such as a nitrosothiol. Char- 
acterization of the endothelial metabolic path- 
way(s) leading to the synthesis of EDRF(N0) 
(e.g., arginine oxidase) and endothelin (e.g., en- 
dothelin converting enzyme) will be a key to 
designing substances that modify their func- 
tion. The variety of functions described (vasore- 
laxation, antiplatelet activity, cytoprotection) 

and the fact that the L-arginine:NO pathway 
exists in a variety of cell types (e.g., PMNs, 
monocytes, brain cells, Kupfer cells, mesangial 
cells) suggest a much wider biological impor- 
tance of this mediator than originally predicted. 
Experimental analysis of this possibility is an 
important task for future research. Identifica- 
tion of the chemical nature and mechanism of 
action of the EDRF(s), including EDHF, ap- 
pears to be an exciting and important project. 
The newly discovered mechanosensor property 
of endothelial cells and the involvement of 
EDRFs and EDCFs in signal transduction 
opened new vistas for the understanding of ((old” 
physiological phenomenon, such as the reactive 
(flow-induced) dilation of conduit arteries and 
the (‘myogenic” mechanism of autoregulation of 
blood flow. Finally, better characterization of 
the new syndrome of endothelial dysfunction 
will, without any doubt, contribute to unravel- 
ing some of the still remaining mysteries of 
many vascular disorders (e.g., atherosclerosis) 
and will enable the design of novel therapies for 
such diseases. Naturally, this represents only a 
partial list of topics for future research. It is the 
conviction of the author that scientists who will 
become or remain active in this exciting field 
will find satisfaction in their results, not only 
because of their theoretical interest, but more 
importantly because of their practical signifi- 
cance. 
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