Journal of Cardiovascular Pharmacology Publish Ahead of Print
DOI: 10.1097/FJC.0000000000001089

1202/L0/Z} U0 =3IGLGHIBA+ZH8BAAIAVO/YOAEIOYIASALLAYIPOOAEIEAHIDI/ADAUMY L XOMADUOINXFOHISABZIUTMI+EyNJO} L WN0TZ L ABYHJRGHNAUE Ad

Endothelium in Coronary Macro- and Microvasculasé€zses

Shigeo Godo, MD, Phb)Jun Takahashi, MD, PHDSatoshi Yasuda, MD, PHPHiroaki

Shimokawa, MD, Ph?

!Department of Cardiovascular Medicine, Tohoku Ursity Graduate School of Medicine,

Sendai, Japan

Graduate School, International University of Healttd Welfare, Narita, Japan.

Conflict of Interest Disclosure: None.

Declaration of Funding Source: This work was supgabm part by the Grant-in-Aid for
Scientific Research from the Ministry of Educati@ulture, Sports, Science and

Technology, Tokyo, Japan (16K19383 and 17K15983).

Address for carrespondence: Hiroaki Shimokawa, MBD.Department of Cardiovascular
Medicine Tohoku University Graduate School of Méaks 1-1 Seiryo-machi, Aoba-ku,
Sendai 980-8574, Japan, Tel: +81-22-717-7153, F8k:22-717-7156, E-mail:

shimo@cardio.med.tohoku.ac.jp



This is an open-access article distributed undetehms of the Creative Commons

Attribution-Non Commercial-No Derivatives Licens®4CCBY-NC-ND), where it is

permissible to download and share the work provitiedproperly cited. The work cannot be

changed in anyway or used commercially without pesian from the journal.

Abstract

The endothelium plays a pivotal role in the regatabf vascular tone by synthesizing and

liberating endothelium-derived relaxing factorslistve of vasodilator prostaglandins (e.g.

prostacyclin), nitric oxide (NO), and endotheliumpéndent hyperpolarization (EDH) factors

in a distinct blood vessel-size dependent mannieairge conduit arteries are predominantly

regulated by NO and small resistance arteries by Edators. Accumulating evidence over

the past few decades has demonstrated that endbthedfunction and coronary vasomotion

abnormalities play crucial roles in the pathogeme$ivarious cardiovascular diseases.

Structural and functional alterations of the corgmaicrovasculature have been coined as

coronary microvascular dysfunction (CMD), whichhighly prevalent and associated with

adverse clinical outcomes in many clinical settingghe major mechanisms of coronary

vasomotion abnormalities include enhanced coromaspconstrictive reactivity at epicardial

and microvascular levels, impaired endothelium-depet and -independent coronary



vasodilator capacities, and elevated coronary mascular resistance caused by structural
factors. Recent experimental and clinical reseheshhighlighted CMD as the systemic
small artery disease beyond the heart, emergingutatmts of vascular functions, novel
insight into the pathogenesis of cardiovasculagakes associated with CMD, and potential
therapeutic interventions to CMD with major cliieaplications. Herein, we will
summarize the current knowledge on the endothaigaulation of vascular tone as well as
the pathogenesis of coronary macro- and microvasdiseases from bench to bedside, with
a special emphasis placed on the mechanisms amchtimplications of CMD.
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Summary

I ntroduction

A mountain of evidence has accumulated over thefpasdecades demonstrating that
endothelial dysfunction and coronary vasomotionoaimalities play essential roles in the
pathogenesis of various cardiovascular disebSesThe major mechanisms of coronary
vasomotion abnormalities include enhanced coromaspconstrictive reactivity at epicardial
and microvascular levels, impaired endothelium-depet and -independent coronary
vasodilator capacities, and enhanced coronary nascular resistance caused by structural

factors Figure1).>* The role of endothelial dysfunction has been wedbgnized in the



development and progression of coronary macro-naintbvascular diseases, although
Rho-kinase-induced myosin light chain phosphorgtatvith resultant hypercontraction of
vascular smooth muscle cells (VSMC) rather tharo#relial dysfunctiohis the central
mechanism of coronary artery spasm at epicartiad well as at microvascular levéls.For
better or for worse, previous studies exclusivelyused on structural and functional
abnormalities of “epicardial” coronary arterie® (icoronary macrovascular disease) in
patients with coronary artery disease (CAD) becdsg are immediately visible on
coronary angiography in the catheter laboratoryamnénable to procedural approaches
represented by percutaneous coronary interven@@i) (@nd coronary artery bypass grafting
(CABG). However, a nationwide large-scale cohtutlg in the United States assessing a
total of 12,062,081 coronary revascularizationgatients with CAD revealed that
risk-adjusted mortality significantly decreasedeaffABG but not after PCI regardless of
clinical indication$ Thus, structural and functional abnormalitieshef coronary
microvasculature, which is referred to as coromaigrovascular dysfunction (CMD), have
gained growing attention as potential researchtiehpeutic targets in many clinical
settings, including ischemic heart dised$heart failure with preserved ejection fraction
(HFpEF)}"*® aortic stenosié’ and even non-cardiac diseases, such as chrolimiméatory
disorderé®3?and liver diseas€s. The term “ischemia and no obstructive CAD (INOCA)

has been coined for patients who have chest pgarakess of the presence or absence of



coronary macrovascular disease (i.e. epicardiatottive CAD)>*  Many studies have
consistently revealed high prevalence and sigmfipaognostic impact of CMD in patients
with INOCA in both genders, especially in femalé&. Moreover, different subtypes of
coronary vasomotion abnormalities often coexistarious combinations in-a subclinical,
asymptomatic manner even in the absence of obsteuUCAD, causing myocardial ischemia
due to CMD***3" |ndeed, the counterintuitive results of the tandmark clinical trials
addressing the management of stable CAD, the OvgeRandomised Blinded Investigation
with optimal medical Therapy of Angioplasty in S&klngina (ORBITA) Triaf and the
International Study of Comparative Health Effectiges with Medical and Invasive
Approaches (ISCHEMIA) Trial® have questioned the benefit of PCI or CABG ancehav
suggested the importance of the coronary microvasphysiology, which interventional
strategy could not improve. Although these trditsnot directly focus on coronary
microvascular function, an intriguing speculatisrthat CMD, which is highly prevalent in
patients with a wide spectrum of CAD, might havatabuted to residual cardiac ischemia
even after the successful coronary revascularizatio

The endothelium plays a pivotal role in the regatabf vascular tone by
synthesizing and liberating endothelium-derivedxelg factors (EDRFs), including
vasodilator prostaglandins (e.g. prostacyclinyioxide (NO), and endothelium-dependent

hyperpolarization (EDH) factors, as well as endlitine-derived contracting factors



(EDCFs)™? Endothelial dysfunction can be attributed to etliproduction or action of
EDRFs or increased responses of EDCFs, initiahegstep toward atherosclerotic
cardiovascular diseases. n this review, we will summarize the current kriiedge on the
role of the endothelium in the regulation and matah of vascular tone involved in the
pathogenesis of coronary macro- and microvascugaades from bench to bedside, with a

special emphasis on the mechanisms and clinicdldatpns of CMD.

Endothelial Modulation of Vascular Tone: Blood Vessel Size-Dependent Contribution of
Endothelium-Derived Relaxing Factors

Figure 2 shows the key players of endothelium-dependerdditagation. Shear stress and
various agonists stimulate endothelial cells talsgsize and release different EDRFs to
cause relaxation of the underlying VSMC and subsetjuasodilatatio? To date, three
kinds of EDRFs have been identified, including \dikdor prostaglandins, NO, and EDH
factors? EDH-mediated relaxations are observed in thesmess of cyclooxygenase and
NO synthase inhibitors and are associated with ipgbarization of the neighboring
VSMC.*** The nature of EDH factors appears to be heteemendepending on species
and vascular beds of interé8including epoxyeicosatrienoic acids (metabolites o
arachidonic P450 epoxygenase pathw/ayfelectrical communication through gap

junctions? K* ions#® hydrogen sulfide (68).*"*® carbon monoxide (CdY¥,and as we have



identified, endothelium-derived hydrogen peroxited,).”® Among them, EETs mainly
take part in EDH-mediated relaxations in huritacanine>? porcine> and bovine coronary
arteries* K* ions in porcing and boving® coronary arteries, CO in rat coronary arteffes,
and endothelium-derived- B, at physiological low concentrations in the corgnar
circulation of humarmé®and animals?®® Like other gaseous mediators:S-has

pleiotropic cardiovascular effects, such as shigass-mediated vasomotor control in
coronary arterie&’ arterial blood pressure-lowering effefisnd anti-inflammatory and
anti-oxidant propertie¥ As illustrated irFigure 2, these EDRFs finely modulate vascular
tone in a distinct blood vessel-size dependent mravasodilator prostaglandins play a small
but invariable role, NO predominantly modulatestinge of large conduit arteries (e.g.
epicardial coronary arteries) and the contributdbMO decreases as the blood vessel size
decreases, whilst that of EDH increases as thalblessel size decreases and consequently
EDH-mediated responses are the major mechanismsoiMatation in small resistance
arteries (e.g. coronary microvesselgy®® This blood vessel size-dependent contribution of
NO and EDH is well conserved across species fratants to humans to achieve a
physiological balance between them. AccordinglyHEs especially important in
microcirculations, where blood pressure and orgafupion are mostly determined. It

should be emphasized that epicardial coronaryyaiggust like a tip of the iceberg, because

more than 95% of coronary vascular resistancegdgninantly determined by the



pre-arterioles (more than 100m in diameter) and arterioles (less than 100),°° where
EDH-mediated responses in the mechanism of vagatiila become more important than
NO-mediated relaxations. Multiple mechanisms avelved in the augmented
EDH-mediated responses in small resistance arfeénigsding negative interactions between
NO and several EDH factof&’%"* Keeping these concepts in mind, in the treatroént
patients with coronary macro- and microvasculaeakgs, cardiologists should pay more
attention to microcirculations although they ar@sible on routine coronary angiography.

The reason for this will be discussed later.

Coronary Macrovascular Disease

I nflammation and Coronary Vasospastic Angina

Hypercontraction of VSMC mediated by Rho-kinaseditetl myosin light chain
phosphorylation rather than endothelial dysfuncisotihhe predominant mechanism of
coronary artery spasm. Building on this mechanism, recent studies havealed close
relationships among inflammation, perivascular adetissue (PVAT), and vasa vasorum in
the pathogenesis of coronary artery spasm. Byiefigajor inflammatory cytokine
interleulin-17 caused intimal thickening and coronary vasospassiponses to intracoronary
serotonin or histamine via outside-to-inside sigmgin pigs in vivo’> Multimodality

imaging techniques, such as micro-computed tomdgrapd optical frequency domain



imaging, enabled us to visualize enhanced advahidisa vasorum formation associated
with coronary hyperconstriction via Rho-kinase aatiion in patients with VSA®’"  Vasa
vasorum serves as a pipeline for inflammatory ntedsaderived from the surrounding
inflamed adipose tissue to the local coronary aibwerotic lesions in the vascular wall.
Indeed, coronary vasoconstriction in responsettaéoronary acetylcholine in patients with
non-obstructive CAD was more prominent in cororemtgry segments that had macrophage
infiltration and vasa vasorum proliferation in afdéive fashion than in those without bdth.
Inflamed PVAT plays important roles in the undantyimechanisms behind coronary
vasomotion abnormalities. We have recently dematest that drug-eluting stent (DES)
induced marked inflammation of coronary PVAT in@sation with coronary
hyperconstricting responses in pigs in Vivand that the extent of coronary perivascular
inflammation in patients with VSA was markedly deased in the spastic coronary artery in a
reversible manner after a median treatment peri@38 anonths with calcium-channel
blockers (CCBsS? the drug of choice for the treatment and preventibcoronary artery
spasnt’  Refer to concise reviews and our recent studyrfore information on the novel

roles of PVAT and adventitial vasa vasorum in thelmation of vascular functior’$°

Drug-Eluting Stent-Induced Coronary I nflammation and Spasm

Although DES is currently the mainstay of PCI tgrsficant coronary lesions, unresolved



issues after coronary stenting include neoathesossils, coronary hyperconstricting and
inflammatory responses at the site of stent placéna@d persistent or recurrent angina in
the absence of residual epicardial sten$si8. Coronary PVAT inflammation following

DES implantatioff*°and cardiac lymphatic dysfunctirhave been shown to be involved in
enhanced coronary vasoconstrictive reactivity, estigg that inflamed PVAT and cardiac
lymphatic dysfunction may be novel therapeuticeétsdo reduce coronary hyperconstricting

responses caused by DES.

Coronary Microvascular Disease

Mechanisms, Prevalence, and Clinical Significance of CMD

A growing body of experimental and clinical evidertas highlighted the crucial role of
CMD in the pathophysiology of cardiac ischemia atignts with various cardiovascular
diseases with major clinical implicatiofis. The underlying mechanisms of CMD appear to
be multifarious, including several structural anddtional alterations; enhanced coronary
vasoconstrictive reactivity (e.g. coronary spastr@pcardial and microvascular levels,
impaired endothelium-dependent and -independewneny vasodilator capacities, and
enhanced coronary microvascular resistance caysstiuztural factors (e.g. luminal
narrowing, vascular remodeling, vascular rarefactamd extramural compression), all of

which can cause myocardial ischemia and often apeahd coexist in various combinations



even without the presence of obstructive CAly(re 3).>*%3"1% Coronary
microvascular spasm is defined as reproductiomgire symptoms, ischemic ECG changes,
but no epicardial spasm in response to intracogoaeetylcholine provocation testifiy.
The major mechanisms of coronary microvascularrepaslude Rho-kinase-mediated
myosin light chain phosphorylatidrincreased production of vasoconstrictive mediators
such as serotonitf,endothelin->**and neuropeptide ¥,and inflammatory conditions in
the coronary microvasculatifevith resultant enhanced coronary vasoconstriceeetivity.
MicroRNAs are small non-coding RNAs regulating gemperessions via degradation or
translational repression of mMRNA and play varicegutatory roles in the cardiovascular
system®’  For instance, microRNAs-125a/b-5p are highly esped in vascular endothelial
cells and inhibit the expression of endothelit®1.A previous study showed decreased levels
of microRNA 125a-5p in parallel with increased liBvef plasma endothelin-1 in patients
with takotsubo cardiomyopathy, giving support te toronary microvascular spasm
hypothesis of the disea$e. Readers are encouraged to refer to the compriekarsiew
article on the contemporary experimental animal e®df CMD with a keen insight into
anatomical, metabolic, and mechanistic considerataf different model&>°

The prevalence of CMD in patients with CAD has bskeown to be unexpectedly
high. Indeed, more than half of patients undergaivasive coronary angiography for the

evaluation of suspected coronary macrovasculaagéshave no significant coronary artery



stenosis®* A large cohort study (n=1,439) from Mayo Clintwsved that about two-thirds
of patients with chest pain who had angiographyoadirmal coronary arteries or
non-obstructive CAD had either endothelium-depehderindependent CMD, which was
evaluated by invasive coronary reactivity testifig.This clinical entity has been referred to
as INOCA, in which the role of CMD has been recagdias an alternative etiology of
symptoms and signs of myocardial ischeffliaMoreover, recent studies comprehensively
assessing coronary physiology by multimodality pecols revealed that a substantial
proportion of patients with INOCA differ in the uewdying coronary microvascular
diseasé®3>%8> Furthermore, we have recently demonstrated, tiemis with VSA, a
significant 5% increased risk of major adverse icaakcular events (MACE) for each
1-point increase in index of microcirculatory reéaige (IMR), a catheter-derived measure of
CMD.*" If complicated with CMD; patients with INOCA aassociated with increased
future adverse cardiac events, including myocaidfalction, percutaneous or surgical
revascularization, cardiac death, and hospitabimdfor unstable angind>% As
extensively reviewed elsewhé!®'®’and summarized ifiable 1, several methods are
available for appraising coronary microvascularction, with variable differences in costs,
invasiveness, accessibility, evaluable measuresdegnostic accuracy. Although the
diagnostic accuracy of contemporary non-invasivessttests is limited for detecting

CMD, 1% comprehensive invasive assessment of coronarynatse reactivity using



intracoronary acetylcholine, adenosine, and othspactive agents is feasible, safe, and of
diagnostic value to extract patients with CMI19%*3 Sych structured approach to
endotype patients with CMD based on the underlyireghanism of coronary vasomotion
abnormalities may be important to tailor the mqgirapriate treatment and may provide
physicians with useful information to assist demismaking and risk stratification beyond

conventional risk factors.

CMD as Systemic Vascular Disease beyond the Heart

Recent studies have revealed that coronary vasomakinormalities are often concomitant
with peripheral endothelial dysfunction, where CN&la cardiac manifestation of the
systemic small artery diseas&*® We simultaneously examined endothelial functiohs
peripheral conduit and resistance arteries in petieith VSA and microvascular angiti,
which were diagnosed by coronary spasm provocaistiing using intracoronary
acetylcholine®**®  The major finding was that bradykinin-induced ethelium-dependent
vasodilatations in fingertip arterioles were almalssent in patients with microvascular
angina‘*® Mechanistically, both NO- and EDH-mediated digitasodilatations were
markedly impaired in patients with microvasculagia@, suggesting that CMD is a

manifestation of systemic vascular dysfunction inelythe heart®



Primary Coronary Microcirculatory Dysfunction and Vulnerable Patient
Endothelium-Dependent CMD and Advanced Coronary Atherosclerosis

We examined whether endothelium-dependent CMDss@ated with coronary
atherosclerosis in patients with INOGZ. Endothelium-dependent coronary vascular
reactivity was evaluated with graded doses of aaranary acetylcholine and
endothelium-dependent CMD was defined as a pemcergase in coronary blood flow of
less than 50% in response to acetylcholffig®* 1% patients with VSA, which was defined
as transient total or subtotal coronary arterywsion (more than 90% constriction) with
chest pain and ischemic ECG changes in resporesetglcholine, were excluded because of
a limitation of acetylcholine for testing endotheli-dependent CMD; acetylcholine is not a
pure endothelium-dependent agonist but rather e/l C-dependent vasoconstriction in
patients with VSA who have enhanced coronary vasstdative reactivity*** The major
finding was that patients with endothelium-depend&iD showed larger plaque burden and
plague volume in association with more vulneralidepe characteristics as evaluated by
virtual-histology intravascular ultrasouf@. These patients showed larger necrotic core
volume and higher frequency of thin-capped fibreadima, which is characteristic of
rupture-prone vulnerable plaque8. These results are consistent with previous ssudie
showing the association between endothelium-inddgranCMD and vulnerable plaque

characteristicg?*12°



Endothelium-Dependent CMD and Local Low Shear Stress

Shear stress is one of the important physiologitiaiuli that make endothelial cells
synthesize and liberate EDRFs to maintain vasdwareostasis, whereas altered oscillatory
or low shear stress with a disturbed flow patterrcoronary artery wall contributes to the
local progression of atherosclerotic coronary péatiwough endothelial and VSMC
proliferation, inflammation, lipoprotein uptake,cateukocyte adhesior?’*** Indeed,
previous studies have shown that altered sheassrethe coronary artery wall is associated
with the local progression of atherosclerotic camyrplaquet?® and that coronary endothelial
shear stress decreases as changes in coronaryflowad response to acetylcholine
decreasé?® Taken together, endothelium-dependent CMD islirasin coronary

atherosclerosis progression, possibly via low dmel@l shear stress?

The Vulnerable Microcirculation Concept

The aforementioned lines of evidence support timeepts of “primary coronary
microcirculatory dysfunctiort®* and “vulnerable patient®* Patients with chest pain but
without angiographical abnormalities are often ud@gnosed and are offered no therapeutic
intervention or follow-up under the umbrella of fnwal” coronary arteries. On the contrary,

patients with CMD may be predisposed to the devetagt of more vulnerable coronary



atherosclerosis and therefore may be prone todutoronary events.

Clinical and Therapeutic Considerations

Smoking and Vaping: A Modifiable Risk factor for Coronary Macro- and Microvascular
Diseases

Among traditional risk factors for coronary athelesotic disease, cigarette smoking is well
recognized as a major risk and prognostic factoW®A,****and undoubtedly smoking
cessation is the mainstay of symptomatic and prsgmonprovement in patients with
VSA.1*3Mechanistically, superoxide anions derived frogacette smoke extract can
accelerate the oxidative degradation of NO, divegdimage endothelial cells, and promote
vascular inflammatory responses, leading to cogohgipercontractiod®>**¢  Recently, the
evolving use of vaping products has been implicatete pathogenesis of macro- and
microvascular diseasé¥**® For example, mentholated cigarette smoking cdnae
coronary flow reserve to the same extent as regigarettes®’ Flavoring additives in
electronic cigarettes can cause endothelial dysfumby increasing vascular inflammatory
responses as well as oxidative stress and thusdrgasing NO bioavailability?®*3°
Moreover, electronic cigarette smoking can elinila@aute vasoconstrictive response in the
microvasculature, although an index of microvascefalothelial function, reactive

hyperemia index paradoxically increases immediaéthr electronic cigarettes uS8. The



Sapienza University of Rome-Vascular AssessmeRtroétherosclerotic Effects of Smoking
(SUR-VAPES) 3 Trial is designed to examine the a@itects of electronic vaping cigarettes
and heat-not-burn cigarettes on coronary vasoniotmtion assessed by invasive coronary
reactivity testing, including coronary flow reserwiactional flow reserve, and instantaneous
wave-free ratid**'*?> The results of this trial will bring more detallenformation on the

effects of novel smoking products on the coronaagm- and microcirculatiot***

Supplemental NO: Too Much of a Good Thing?

Since the discovery of the acute anti-anginal efiéoitroglycerin over 140 years ago by
Murrell,***the use of nitrates as a NO donor has serveceasdlst common treatment in the
acute phase of ischemic heart disease and hdarefai As discussed above, the emerging
role of CMD has been implicated in patients withi®as cardiovascular diseases, including
obstructive CAD who underwent successful revasiation>® INOCA,** VSA,*" and
HFPEF" Contrary to the premise that enhancing NO-media#sodilatation by means
of supplemental NO could exert beneficial effeaiditese patients, the results of systemic
and long-term administrations of nitrates were ymeexedly neutral or even harmful in
patients with residual microvascular ischemia despiccessful PCf* myocardial
infarction**VSA **® and HFpEE*"**® These lines of evidence suggest the potentiahfiar

of NO therapy and the need to turn our attentioavimd excessive NO supplementation. A



possible explanation for such a “paradox” of NOyé&ded therapy may be nitrosative stress
caused by an excessive amount of supplementd*Rf{& Moreover, in light of the facts
that there are significant negative interactiortsveen NO and several EDH fact¥t& "

and that coronary vascular resistance is predortijndetermined by the coronary
microcirculation®® where the effect of EDH-mediated responses onwastone
overwhelms that of NO-mediated relaxations, imgortant to consider the blood vessel
size-dependent contribution of NO and EDH factarthe treatment of CMD.  Actually,
intracoronary administration of nitroglycerin doest increase coronary blood fld#

Taken together, based on the underlying mechanisroronary vasomotion abnormalities,
identifying the specific indications and contraicetions of chronic NO supplementation may
be important to tailor the most appropriate treatina good example of this approach is

available elsewherg? "+

Clinical Trials Targeting Endothelial Function and Coronary Microvascular Function

The assessment of endothelial function in the @dinsettings has been accepted as an
excellent surrogate marker of cardiovascular 118k. For instance, impaired flow-mediated
dilatation (FMD) of the brachial artery and digitabctive hyperemia index (RHI) in
peripheral arterial tonometry are both associatigl fwture adverse cardiovascular events in

patients with CAD*****and one standard deviation reduction in FMD or RHissociated



with doubling of adverse cardiovascular event k. FMD and RHI reflect peripheral

macro- and microvascular endothelial function, eesipely, however, both indices are often

impaired in patients with CMB>®**again suggesting the systemic nature of the disord
The current European Society of Cardiology guidsirecommend the use of statins

DX The guidelines also

in all patients with chronic coronary syndromeduding CM
suggest treatment with-blockers, angiotensin-converting enzyme (ACE) liitors, and
statins for patients with reduced coronary flonergs or increased IMR and a negative
acetylcholine provocation test, which are suggestivimpaired coronary vasodilator
capacities, while CCBs and long-acting nitratesplatients with coronary microvascular
spasnt®® Previous animal studies demonstrated that ACiiains are capable of
potentiating endothelium-dependent relaxations atediby both NO and EDH factors in the
coronary circulatiort® %2

Based on the premise that a tailored therapeut H%sych as a stratified
medical treatment driven by the results of coromangctivity testing and endothelial
function-guided management, may be beneficial trepts with CMD, several clinical trials
have been launched. For example, a multicentespective, randomized, blinded clinical
trial, the Women's Ischemia Trial to Reduce Evamtdon-Obstructive CAD (WARRIOR)

Trial (NCT03417388) (n=4,422) is ongoing to tes Hypothesis that intensive medical

treatment consisting of high-intensity statins, melly tolerated doses of ACE



inhibitors/angiotensin receptor blockers, and aspwould reduce the risk of MACE in

female patients with symptoms and/or signs of mgaiahischemia but no obstructive
CAD.'®  Another large-scale randomized clinical triat tndothelial Function-Guided
Management in Patients with Non-obstructive Corgiatery Disease (ENDOFIND) Trial

is currently ongoing to address whether an pergdhardothelial function-guided early
aggressive management, which consists of lifesiydaagement, optimal blood pressure, and
glycemic control, and the intensive use of stasind CCBs, could reduce the risk of MACE

in patients with non-obstructive CAD, in whom CM®NHighly prevalent®® Both trials will
be completed by the end of 2022 and are expectpbtade informative evidence on the
management of patients with CMD. Additionally, ffieagrelor and Preconditioning in
Patients with Coronary artery disease (TAPER-S)IHims to assess the pleiotropic effects
of a reversibly binding, direct-acting, orakYR, antagonist ticagrelor on ischemic
preconditioning and coronary microvascular funciiopatients with stable multivessel CAD

undergoing staged, fractional flow reserve-guidéd.¥> This trial has been completed by

November 2020 and the results are awaited witlante

Summary
This review highlights the evolving landscape ofor@ary vasomotion abnormalities in

general and endothelium-related CMD in particulab{e 2). Patients with coronary



vasomotion abnormalities are often complicated witlammatory responses and peripheral

endothelial dysfunction, in which CMD manifestssgstemic vascular dysfunction beyond

the heart. Novel therapies to improve CMD mayrattte the progression of coronary

atherosclerosis and early aggressive medical mamageupon detection of CMD may

benefit the vulnerable patients. In an attempmipgmize the treatment, consideration of

CMD should not be lost even in the presence of mbooronary angiogram. Rather, given

the high prevalence and adverse clinical impa€MD, consideration of coronary

microvascular function should be implemented imbdmsic research and clinical practice for

the purpose of improving health care and outconmesitients with the disease.

In conclusion, further characterization and beaiteterstanding of the roles of the

endothelium in the pathophysiology and clinicalommes of coronary macro- and

microvascular diseases can be an important gatewthys end.
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Figurelegends

Figure 1. Mechanisms of Coronary Macro- and Microvascular Dysfunction.

Figure 2. Blood Vessel-size Dependent Endothelial M odulation of Vascular Tone and

Rho-Kinase-M ediated Hypercontraction of Vascular Smooth Muscle.

EDH, endothelium-dependent hyperpolarization; Ni@iawoxide.

Figure 3. Overlap and Coexistence of Coronary Macro- and Microvascular

Dysfunctions.

Each number corresponds to the reference.
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Tables

Table 1. Invasive and non-invasive methods for appraising coronary microvascular

function
Methods Measures Features
Invasive
CAG review TIMI frame count Easily obtainable but semi-quantitative

Coronary reactivity testing

Enables endotyping of CMD

AChEM

Coronary spasm

Established as provocative spasm testing

CS sampling during AChWEM

L actate production rate

Enables the accurate diagnosis of MVS

Doppler flow/temperature wire

ACh-induced CBF

Endothelium-dependent responses

ATP-induced CFR

Endothelium-independent responses

Pressure-thermodilution wire IMR Reflects pure microvascular function
Non-invasive During endothelium-independent
maximum hyperemia
Doppler echo CFR Readily available but operator-dependent
CMR CFR The most reliable non-invasive method
PET CFR The most reliable non-invasive method

ACh: acetylcholine; ATP: adenosine triphosphate; CAG: coronary angiography; CBF:

coronary blood flow; CFER: coronary flow reserve; CMD: coronary microvascular

dysfunction; CMR: cardiac magnetic resonance; echo: echocardiography; CS: coronary sinus;

EM: ergometrine (ergonovine); IMR: index of microvascular resistance; MV S: microvascular

spasm; PET: positron emission tomography.
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Table 2. Summary and per spective

Highlights

1. Endothelial dysfunction and coronary macro- and microvascular dysfunction play crucial

rolesin the pathogenesis of various cardiovascular diseases.

2. The endothelium modulates vascular tone in a vessel-size dependent manner:
A) Large conduit arteries are predominantly regulated by NO
B) Small resistance arteries by EDH factors

3. The major mechanisms of coronary vasomotion abnormalities are threefol d:
A) Enhanced coronary vasoconstrictive reactivity at epicardial and microvascular levels
B) Impaired endothelium-dependent and -independent coronary vasodilator capacities

C) Elevated coronary microvascular resistance caused by structural factors

4. Given the high prevalence and adverse clinical impact of CMD, consideration of and

novel therapies for CMD appear to be important for vulnerable patients.

CMD: coronary microvascular dysfunction; EDH: endothelium-dependent hyperpolarization;

NO: nitric oxide.




Figure 1

s e——

Epicardial coronary arteries

Coronary arterioles, capillaries, and microcirculation

Enhanced coronary vasoconstrictive reactivity Impaire

\ 4

d coronary vasodilatation

\ 4

Epicardial spasm

Microvascular spasm

\4

A

y

Endothelium-dependent

-independent

A\ 4

Coronary microvascular dysfunction

A

A

\ 4

Systemic vascular disease

Figure 1. Mechanisms of Coronary Macro- and Microvascular Dysfunction.
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