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Abstract

A multitude of factors, including increased coronary vascular resistance and dysregulated coronary
microcirculatory function, contribute to the impairment of coronary blood flow (CBF) regulation
and the pathogenesis of myocardial ischemia/reperfusion (I/R) injury. CBF is primarily determined
by coronary vascular resistance, which is affected by the balance between various vasodilators and
vasoconstrictors. Myocardial I/R causes reduced production of endogenous vasodilators, such as
nitric oxide (NO), leaving unopposed vasoconstriction that is caused mainly by continued presence
of endothelin-1 (ET-1) and serotonin (5-HT); this imbalance in turn enhances vascular tone,
triggers inflammatory response, decreases CBF and exacerbates reperfusion injury. Various
inflammatory cytokines participate in the regulation of coronary vasomotor function by affecting
the balance between vasodilators and vasoconstrictors. In addition to the enhanced coronary
vasoconstriction, coronary microembolization, inflammatory cell infiltration and post-ischemic
hyperpermeability contribute to the impairment of coronary microcirculatory function and
myocardial perfusion during I/R. Ongoing research examining the role of inflammation in the
regulation of CBF and coronary microcirculatory function in myocardial I/R is expected to yield
new insights that will lead to therapies for ameliorating the vascular inflammatory response in
coronary artery diseases (CADs) in the clinical setting. This article is part of a Special Issue
entitled “Coronary Blood Flow”.
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1. Introduction

Coronary blood flow (CBF) regulation in myocardial ischemia/reperfusion (I/R), particularly
perfusion at the microcirculatory level, is critical to the outcome of ischemic heart disease.
Coronary vascular tone is a crucial factor influencing CBF. The impaired vasodilatory
response of coronary arteries during I/R injury was first documented by Ku et al. in 1982
[1]. To date, a variety of vasodilators and vasoconstrictors including endothelium-derived
vasoactive factors, autacoids, metabolic messengers, and neurohormonal factors are found to
be involved in the regulation of coronary vascular resistance and are emerging as therapeutic
targets for the restoration of CBF following I/R injury. In addition to the enhanced vascular
constriction, the dysregulation of coronary microcirculatory function during myocardial I/R,
which is characterized by microembolization, inflammatory cell infiltration and
hyperpermeability, lead to reduced CBF and inadequate myocardial reperfusion. A number
of inflammatory cytokines and inflammatory cells are actively involved in the regulation of
coronary vascular resistance and microcirculatory function. Elucidating the role of
inflammation in CBF dysregulation in myocardial I/R would facilitate the development of
novel therapeutics and improve clinical outcomes. Within this context, this review focuses
on: (1) the role of inflammation in the regulation of coronary vascular resistance and CBF;
(2) the role of inflammation in coronary microcirculatory dysfunction in myocardial I/R
injury.

2. Inflammation and the regulation of coronary vascular resistance in I/R

Coronary vascular resistance serves as a primary determinant of CBF. Regulation of
coronary vascular tone is the result of a balance between a myriad of vasodilator and
vasoconstrictor signals, in which endothelium-derived vasoactive factors, metabolic

messengers, neurohormones, and various autocoids are crucially involved.

2.1. Endothelium-derived vasoactive factors

2.1.1. Nitric oxide (NO)—Endothelial nitric oxide synthase (eNOS)-derived NO in
coronary resistance vessels plays an essential role in the regulation of myocardial perfusion.
Inhibiting NO production decreased CBF [2] and increased the vulnerability of the
myocardium to ischemia [3]. Many interventions that stimulate NO production, such as
insulin [4,5], calcium channel blocker [6,7], angiotensin converting enzyme inhibitor (ACEI)
[8], DIOHF (a synthetic flavonol with antioxidant properties) [9], and raloxifene (a selective
estrogen receptor modulator) [10], increased CBF and exert cardioprotective benefits in
experimental I/R models. In addition to acting as a potent vasodilator, NO released toward
the vascular lumen inhibits platelet aggregation and leukocyte adhesion to endothelium by
suppressing CD11/CD18 expression on leukocytes [11]. In the acute myocardial I/R murine
model, increased vascular tumor necrosis factor-alpha (TNF-a) expression impaired
endothelium-dependent vasodilation of coronary arterioles. Elevated TNF-a. induced up-
regulation of arginase and enhanced oxidative stress, thereby decreasing NO bioavailability
and NO-mediated vasodilation [12-14], and a direct correlation between TNF-a level and
reperfusion-induced endothelial dysfunction was demonstrated (Fig. 1) [14]. In a canine
model of myocardial I/R, intracoronary administration of NO donor (CAS-1609) augmented
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postischemic CBF and contractile function, improved acetylcholine (ACh)-induced
vasodilation of coronary arteries and reduced neutrophil infiltration into the myocardium
(Fig. 2) [15].

Although deficiency of NO is associated with reduced CBF and impaired myocardial
perfusion, excess production of NO due to upregulation of inducible NO synthase (iNOS)
[11] may lead to free-radical mediated myocardial damage. Activation of myocardial iINOS
during 48 h of reperfusion contributed to a late phase of I/R-induced injury, but inhibition of
iNOS increased CBF and improved myocardial performance in rabbits where the circumflex
coronary artery was occluded [16]. In a swine model with left anterior descending artery
occlusion, sustained regional ischemia induced myocardial iNOS expression, which
contributed to contractile dysfunction at the cardiomyocyte level through increased nitrite
contents [17].

The availability of L-arginine is also a critical factor that affects the bioavailability of NO,
thus affecting the regulation of coronary vascular resistance. L-arginine reduced plasma
levels of soluble adhesion molecules and attenuated endothelial injury/inflammatory
response following I/R in pig hearts [18]. In patients that underwent coronary artery bypass
grafting, addition of L-arginine to cardioplegia resulted in reduced interleukin-6 (IL-6) and
TNF-a levels, and decreased platelet and leukocyte counts, thereby contributing to a reduced
no-reflow phenomenon and better reperfusion [19]. Another study reported that L-arginine
supplementation had no significant effects on CBF, though it reduced myocardial necrosis in
a pig I/R model [20]. The dosage of L-arginine supplementation may account for these
seemingly contradictory effects. In a pig model of cardiac transplantation, low-dose L-
arginine increased CBF and decreased inflammatory cytokine release during donor blood
perfusion; however, high-dose L-arginine resulted in severe endothelial injury [21].

Thus, although enhancing NO production and moderate L-arginine supplementation
generally exerts beneficial effects on the regulation of CBF, toxic level of NO by iNOS
activation or excess dose of L-arginine may exacerbate inflammation and myocardial I/R
injury. Anti-inflammatory treatment to counteract the drop in NO levels beyond the normal
range of NO homeostasis may represent an efficient strategy to reduce myocardial I/R injury.

2.1.2. Endothelium-derived hyperpolarizing factors (EDHFs)—Endothelium-
derived relaxing factors other than NO and prostacyclin (PGI,) also qualify as EDHFs due to
their ability to hyperpolarize the vascular smooth muscle cell, via opening of K¢, channels
to produce vasodilation. C-type natriuretic peptide (CNP) has recently been identified as an
EDHF in an in vitro I/R rat model. ACh elicited the release of CNP from coronary
endothelium, which locally regulated coronary circulation and protected against I/R injury
through activation of CNP receptor-C. Interestingly, the vasorelaxant and protective activity
of CNP was enhanced in the absence of endothelium-derived NO, indicating an increased
contribution of CNP when NO synthase activity is blunted [22]. Sphingosine kinase is an
inflammatory mediator in the pathogenesis of various inflammatory diseases [23].
Activation of sphingosine kinase by methacholine enhanced NO-dependent vasorelaxation,
but attenuated EDHF-dependent vasodilation [24]. H,O, also acts as an EDHF in coronary
microvessels and plays a protective role in coronary autoregulation and myocardial I/R
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injury in dogs [25]. The inflammatory cytokine, IL-6, inhibited H,O,-mediated coronary
arteriolar vasodilation to ACh in murine models [26].

2.1.3. Endothelin-1 (ET-1)—In contrast to NO, ET-1 is a potent coronary vasoconstrictor
that can provoke marked myocardial ischemia through coronary vasoconstriction [27] and
elicit severe ventricular arrhythmias [28]. Elevated ET-1 levels impaired NO production in
cultured endothelial cells through a PKC-dependent pathway [29]. In patients undergoing
primary angioplasty, a substantial and long lasting rise in ET-1 was documented, which was
associated with impaired angiographic reperfusion [30]. Short-term blockade of ET type A
receptors after diagnostic coronary arteriography results in decreased coronary vascular
resistance and increased CBF in patients with coronary artery disease (CAD) [31]. Long-
term (6-month) treatment of ET type A receptor antagonist did not affect the percent change
of coronary artery diameter or change in coronary flow reserve, but increased the percent
change of CBF in response to ACh in patients with early coronary atherosclerosis,
underscoring the therapeutic potential of long-term ET type A receptor antagonism to
remediate coronary endothelial dysfunction [32]. The association between ET-1 generation
and initiation of the inflammatory process in acute myocardial infarction (AMI) and stable
angina has not been completely elucidated. One study sampled coronary sinus and aortic
blood during angioplasty for AMI or stable angina to assess the local release of ET-1 and
various inflammatory cytokines. The results suggested that local myocardial release of ET-1
is higher in AMI than in stable angina, but local release of inflammatory cytokines is a
component of stable coronary artery disease and does not appear acutely enhanced in AMI
[33].

2.2. Autacoids

2.2.1. Adenosine—Adenosine, primarily produced extracellularly by CD73 (ecto-5-
nucleotidase), acts as a coronary dilator largely through activation of A2A adenosine
receptor [34,35]. CD73~/~ mice showed reduced CBF and enhanced leukocyte adhesion to
vascular endothelium in a cremaster model of I/R [36]. After coronary microembolization,
adenosine released from ischemic areas dilated vessels in adjacent nonembolized
myocardium and increased CBF in pigs [37]. Adenosine also inhibits platelet aggregation in
an open-chest dog model of myocardial ischemia [38]. Intravenous adenosine administration
prevented the progressive decrease in transmural blood flow and preserved cardiac function
during reperfusion in dogs subjected to I/R; these effects were associated with reduced
neutrophil and erythrocyte plugging of capillaries with relative preservation of endothelial
cell structure (Fig. 3) [39]. In a murine model of myocardial I/R, the activation of A2A-
adenosine receptor inhibited T lymphocyte activation and the downstream inflammatory
response [40]. Therefore, animal studies suggest that adenosine is not a mere vasodilator, but
also plays a critical role in downregulating proinflammatory responses like thrombosis, thus
mediating cardioprotection against I/R injury. Although animal studies suggest that
adenosine is an important therapeutic target for improving coronary perfusion, translation
into clinical practice has met with inconsistent results. One study suggested that adenosine
adjunct to primary angioplasty prevented the no-reflow phenomenon with a more favorable
clinical course in AMI patients [41], while another study demonstrated reduced infarct size,
but a lack of improvement in clinical outcomes [42]. Coronary arterial aspirate plasma from
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patients after percutaneous coronary intervention (PCI) induced vasoconstriction; adenosine
was not as potent in attenuating the aspirate-induced vasoconstriction as was nitroprusside or
verapamil [43]. In another clinical trial, selective high-dose intracoronary administration of
adenosine distal to the occlusion site of the culprit lesion failed to result in myocardial
salvage or decrease in microvascular obstruction. The infarct size was also similar compared
with the placebo group after 4 months [44]. One explanation for these inconsistent results is
that adenosine is only one of a variety of redundant mechanisms involved in the metabolic
regulation of CBF; adenosine does not eliminate all active coronary vasomotor tone and may
not be the predominant mediator of physiological regulation of CBF [35].

2.2.2. Prostanoids—Inflammatory cells are capable of releasing arachidonic acid, which
may be further metabolized to produce biologically active products, including
prostaglandins (PGs), etc. [45]. PGs, together with the thromboxanes and PGl», form the
prostanoid class of fatty acid derivatives. The cardioprotective effects of PGs, especially E-
type PGs (PGEs), against myocardial I/R injury have been extensively studied. There are
four subtypes of PGE receptors (EP1, EP2, EP3, and EP4). Although EP1, EP2 and EP3 all
mediated the cardioprotective benefits of PGEs, a selective agonist of EP3 receptors reduced
myocardial infarct size without causing hemodynamic side effects [46]. The attenuation of
myocardial ischemic stunning by the ACEI ramiprilat involved a signal cascade of
bradykinin and PGs but not NO [47]. Thromboxane A2 (TxAy) is a product of PGs
endoperoxide metabolism that is produced by platelets. Cyclic flow variation induced
thromboxane synthesis but reduced PGI, synthesis; these changes led to an imbalance
between TxA, and PGl,, which favors vasoconstriction and myocardial ischemia in dogs
[48]. Thus, selective modification of arachidonic acid metabolism may present a useful
therapeutic tool to reduce myocardial injury.

2.2.3. Serotonin (5-HT)—5-HT causes vasodilation of small coronary arterioles (<90 um
in diameter) and constriction in larger coronary arterioles and arteries [49]. Intracoronary
injection of 5-HT caused a dose-dependent increase in CBF under normal coronary inflow
conditions in open-chest dogs, while flow-limiting stenosis enhanced 5-HT-induced
constriction of the large coronary arteries and resulted in a reduction in CBF [50,51]. These
observations suggest that in the presence of CAD, 5-HT could contribute to reduction in
CBEF, leading to myocardial ischemia. Indeed, in patients with severe saphenous vein aorto-
coronary bypass stenoses, 5-HT was the main coronary vasoconstrictor after stenting, and
thromboxane and TNF-a appear to potentiate the 5-HT response [43].

Collectively, persistent increase in vasoconstrictor tone is one of the vital mechanisms
responsible for decreased CBF and I/R damage. Myocardial I/R causes reduced production
of endogenous vasodilators, such as NO and EDHF, leaving unopposed vasoconstriction that
is caused mainly by continued presence of ET-1 and 5-HT, and this imbalance in turn
decreases CBF, triggers inflammatory responses, and exacerbates reperfusion injury.
Multiple inflammatory cytokines participate in the regulation of coronary vascular tone by
modulating the production and signaling of endothelial-derived vasoactive factors and
autacoids during myocardial I/R (Fig. 4).
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3. Inflammation and coronary microvascular dysfunction in I/R

The aim of thrombolysis, angioplasty, and coronary artery bypass surgery is to restore CBF;
however, successful restoration of epicardial coronary artery patency may not always lead to
adequate reperfusion at the microvascular level [52,53], primarily due to microvascular
dysfunction caused by coronary microembolization, inflammatory cell infiltration, and
impaired microvascular integrity following I/R injury.

3.1. Coronary microembolization

Coronary microembolization from the erosion or rupture of a vulnerable atherosclerotic
plaque occurs spontaneously in acute coronary syndromes or during PCI. Typical
consequences of coronary microembolization are microinfarcts with an inflammatory
response, contractile dysfunction, and reduced coronary reserve as summarized by Heusch et
al. [54]. The incidence of cardiac enzyme elevation is associated with a persistent reduction
of relative coronary flow velocity reserve, and serve as a marker of underlying embolic
myocardial injury in patients with successful coronary stenting [55]. Patients with
periprocedural non-ST-segment elevation myocardial infarctions had a significantly higher
frequency of coronary microembolization during primary angioplasty, and their systemic
inflammatory response and microvascular impairment after PCI were more pronounced [56].
Intracoronary infusion of low-dose streptokinase (a clot-resolving medication) immediately
after primary PCI improved myocardial perfusion by dissolving thrombi in the
microvasculature, which was therapeutic [57]. Experimental data indicate that, in a rat model
of coronary microembolization, activity of NF-xB/DNA-binding was markedly increased:;
TNF-a, IL-6 and intercellular adhesion molecule-1 (ICAM-1) expressions were upregulated.
NF-xB inhibitor pyrrolidine dithiocarbamate suppressed the myocardial inflammatory
cytokine transcriptions, and improved cardiac function, suggesting that patients with or at
risk of coronary microembolization may benefit from acute anti-inflammatory treatment
[58].

3.2. Inflammatory cell infiltration

Postischemic reperfusion is accompanied by reintroduction of inflammatory cells.
Neutrophils are the most abundant of the infiltrated immune cells during reperfusion; they
impair endothelial function and reduce coronary vasodilator reserve by promoting the
procoagulant and proinflammatory milieu, and cause mechanical plugging at the
microvascular level [39,59,60]. The mechanisms responsible for leukocyte accumulation in
reperfused heart are not well understood. Reduced coronary reflow during reperfusion may
be an important factor enhancing leukocyte trapping in capillaries and leukocyte adhesion in
venules [61]. The critical step in this inflammatory cascade is the firm adhesion of these
leukocytes to the activated or dysfunctional endothelium, which is governed by the beta2-
integrins (e.g., CD11/CD18) on the leukocytes and the adhesion molecules on the activated
endothelium; these leukocytes transmigrate across the endothelium to the site of the
reperfused myocardium [62]. Indeed, myocardial I/R induced coronary vascular expression
of P-selectin, E-selectin, and ICAM-1 through oxygen radicals triggered activation of NF-
xB and AP-1 [63-65]. Accordingly, extravascular neutrophils in ischemic areas were
localized with endothelium bearing high levels of ICAM-1 within 1 h of reperfusion [66].
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Similarly, in reperfused canine myocardium, margination and emigration of neutrophils
originated from thin-walled venous cisterns with increased expression of ICAM-1 and P-
selectin [67].

Genetic deficiencies of P-selectin, E-selectin, ICAM-1, or CD18 attenuated
polymorphonuclear leukocytes (PMNs) sequestration into I/R myocardium [63]. A
neutralizing antibody to P-selectin reduced endothelial adherence of PMNs and improved
ACh-induced vasorelaxation in ischemic-reperfused coronary arteries in felines [68]. CD18
blockade and NF-xB inhibition prevented subsequent inflammatory activation and exerted
postischemic cardioprotection in pig I/R hearts [69]. Furthermore, c-Jun DNAzymes
attenuated c-Jun and ICAM-1 expression in vascular endothelium, and neutrophil infiltration
following myocardial I/R [70]. In addition, simultaneous inhibition of glycoprotein I1b/Illa
and integrin alpha(v)beta(3) in dogs [71], and inhibiting tissue factor (TF)-thrombin pathway
in rabbits [72] decreased leukocyte recruitment, reduced infarct size, and improved CBF
following I/R.

Clinical studies reveal that, in patients receiving coronary bypass grafts, transcardiac veno—
arterial differences in CD11b-positive neutrophils decreased gradually with the cardiac
reperfusion underway, suggesting sequestration of activated neutrophils following
reperfusion [73]. Myocardial tissue from patients with AMI revealed intense recruitment of
myeloperoxidase (MPO)-positive PMN localized along infarct-related vessels [74].
Regression analysis revealed that neutrophil count negatively correlated with coronary flow
reserve, and neutrophil count on admission was an independent predictor of severe
microvascular injury in patients with first anterior wall AMI [75].

3.3. Microvascular integrity

I/R injury impairs microcirculatory integrity and causes hyperpermeability, in which various
inflammatory cytokines and inflammatory cells are crucially involved. Activated neutrophils
induce hyperpermeability and phosphorylation of adherens junction proteins in cultured
coronary endothelial cells [76]. In isolated heart subjected to global I/R, endothelial STAT3
ablation resulted in increased myocardial IL-6 expression and enhanced apoptosis in the
myocardium around the capillary, thereby affecting capillary network integrity [77]. CBF
and inflammatory indices are also associated with microvascular integrity. Peak and mean
diastolic flow changes and coronary sinus IL-6 were inversely correlated with changes in
total microvascular cross-sectional area; thus changes in the integrity of the coronary
microcirculation after I/R [78]. Furthermore, healthy vascular endothelium is clothed by the
endothelial glycocalyx, which plays a vital role in the regulation of inflammation and
vascular permeability by constituting the vascular barrier together with the endothelial cells
themselves [79]. Myocardial I/R resulted in severe degradation of the glycocalyx, shedding
adhesion molecules, whereas preservation of the glycocalyx mitigated postischemic PMNs
adhesion [80]. In isolated pig hearts, TNF-a induced severe inflammatory degradation of the
endothelial glycocalyx, increased coronary resistance, heightened vascular leak and
permeability to hydroxyethyl starch and caused mast-cell degranulation [81]. In addition to
the results in animal studies, endothelial glycocalyx shedding was also reported in patients
undergoing I/R procedures [82].

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 8

Thus, coronary microembolization, inflammatory cell infiltration, and hyperpermealization
play critical roles in the initiation and perpetuation of coronary microvascular obstruction
and impaired vascular integrity, which lead to reduced CBF and inadequate microcirculatory
perfusion (Fig. 4). Protection of the coronary microvascular function should be included in
any attempt to improve treatment of occlusive CAD and I/R injury.

4. Perspectives

Although great progress has been made in elucidating the mechanisms of CBF regulation in
myocardial I/R injury, we are experiencing a failure in the translation of these exciting
scientific results to patients. First, it remains unclear if myocardial I/R injury occurs to the
same extent in man as it does in animal models; the experimental models of myocardial I/R
are lacking certain aspects that are frequently present in the clinical environment [52].
Second, results from mice and rats may not be properly translated to the human [53] because
I/R studies utilize healthy young animals without previous cardiovascular risk that are
provided with timely reperfusion. Human patients that present with AMI may possess a
number of cardiovascular risk factors, such as diabetes, hypertension, and aging, and may
receive a number of drugs to maximize reperfusion and minimize cardiac injury prior to the
onset of reperfusion. Determining which animal models feature cardiovascular risk factors
that best mimic reperfusion injury in man will aid translation of I/R results to the clinic.

To sum up, vascular inflammatory response is actively involved in the enhanced coronary
and microvascular constriction, microcirculatory obstruction and impaired microvascular
integrity during myocardial I/R. The worldwide increase of occlusive CAD shows that
elucidating the role of inflammation in CBF dysregulation is needed. The discovery of
potential therapeutic targets and advanced therapeutic interventions pose significant
challenges in this exciting field. Success will significantly impact the prognosis of
myocardial I/R injury and improve clinical outcomes in patients with CADs.
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Fig. 1.

Flgw—induced vasodilation was impaired after I/R in WT mice (A). In heterozygote TNF~/**
mice underwent I/R (C), flow-induced endothelial-dependent vasodilation was between
TNF~= (B) and TNF**/** (D) following I/R. Neutralizing antibodies to TNF-a preserved
endothelial-dependent dilation following I/R in WT, TNF~/** and TNF**/** mice (A, C, D).
E shows a dose-response curve for SNP in WT control mice before and following I/R. F
shows that endothelial function is restored in I/R for WT mice treated with anti-TNF-a.
(Data from Zhang et al. [14]).
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Midmyocardial blood flow
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4.5 hr Rep

Blood flow measured using radiolabeled microspheres in ischemia region. Endocardial and
midmyocardial blood flow declined sharply following reperfusion in the saline group, while
they were preserved through 4.5 h reperfusion by the NO donor (CAS-1609) treatment (A,
B). C: There were no significant differences in epicardial blood flow between treatment
groups at any of the time points. D: CAS-1609 treatment preserved transmural regional
myocardial blood flow at 4.5 h of reperfusion compared with the saline group. (Data from
Pabla et al. [15]).
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Fig. 3.

Plgts of serial regional myocardial blood flow in nonischemic (posterior wall) and central
ischemic zones at baseline (BASE), occlusion (OCC), and reperfusion (REP). A progressive
decrease in flow in inner two thirds of myocardium is noted in control animals during first 3
h of REP, which was significantly increased during adenosine infusion. (Data from Pitarys et
al. [39]).
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Fig. 4.

Schematic drawing of pathogenesis and mechanisms of decreased coronary blood flow
(CBF) and impaired myocardial perfusion in myocardial ischemia/reperfusion (I/R) injury.
ET-1, endothelin-1; 5-HT, serotonin; NO, nitric oxide; EDHF, endothelium-dependent
hyperpolarizing factor; TNF-a, tumor necrosis factor-alpha; IL-6, interleukin-6; iNOS,
inducible NO synthase; ICAM-1, intracellular adhesion molecule-1; MPO,
myeloperoxidase; TF, tissue factor.
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