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Abstract
Atherosclerosis of conduit epicardial arteries is the principal culprit behind the complications of
coronary heart disease, but a growing body of literature indicates that the coronary
microcirculation also contributes substantially to the pathophysiology of cardiovascular disease.
An understanding of mechanisms regulating microvascular function in humans is an essential
foundation for understanding the role in disease, especially since these regulatory mechanisms
vary substantially across species and vascular bed. In fact all subjects whose coronary tissue was
used in the studies described have medical conditions that warrant cardiac surgery, thus relevance
to the normal human must be inferential and is based on tissue from subjects without known
arteriosclerotic disease. This review will focus on recent advances in the physiological and
pathological mechanisms of coronary microcirculatory control, describing a robust plasticity in
maintaining endothelial control over dilation, including mechanisms that are most relevant to the
human heart.
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Introduction
Based on direct measurements of intravascular pressure in animal models, coronary
resistance is considered to be primarily regulated by arterioles between the diameters of
50-200 microns [41]. Vessels in this size range are most responsive to metabolic, myogenic
and humoral stimuli [48]. At baseline, substantial vasomotor tone exists to match oxygen
delivery to metabolic need. With elevated metabolic demand, coronary flow can increase 5-
fold primarily through arteriolar vasodilatation. This vasodilator reserve can also be utilized
to maintain flow when perfusion pressure changes[22]. For example inserting a 50%
stenosis in a coronary conduit artery has little effect on flow due to autoregulatory
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reductions in arteriolar resistance [19]. However with exercise or tighter stenosis (~80%),
flow may be compromised when arteriolar dilation is exhausted. Thus conduit and resistance
vessels work in harmony to defend myocardial perfusion. The presence of microvascular
disease and the concomitant inability to match flow with metabolism and pressure will
accentuate the adverse effect of a larger artery stenosis. The inability of the microcirculation
to compensate for changes in metabolism and perfusion pressure is one reason that
examination of coronary arteriolar function is so important. Another important factor is that
arteriolar responses may serve as an indicator large vessel function. It is hypothesized that
changes in microvessel phenotype (e.g. endothelial function and release of vasoactive
agents) parallels changes that occur in larger vessels, but without the development of
atherosclerosis. Epicardial and microvascular coronary endothelial dysfunction predicts
future cardiovascular events in the presence or absence of angiographically detectable
coronary lesions [20;63].

Evaluation of microvascular function in humans – in vivo approaches
Coronary catheterization is one of the most widely used techniques to assess human
coronary arteriolar function. Pharmacological stimuli are used to modulate coronary flow as
assessed by a Doppler wire placed in the target vessel. Acetylcholine and substance P are
used to assess endothelium-mediated dilation while adenosine, dipyridamole, papaverine or
nitroprusside are used to measure endothelium-independent dilator responses. The response
to acetylcholine is complex, yielding dose-dependent vasodilation in most cases, but in the
presence of risk factors or frank disease, it causes vasoconstriction indicative of endothelial
dysfunction [39] and predicts future cardiovascular events [58].

Echocardiography can be used to assess coronary flow velocity non-invasively [43]. It too
relies on Doppler interrogation of the proximal coronary arteries for calculation of flow
velocity. Both catheter-based and non-invasive echo approaches to measuring microvascular
responsiveness by investigating large coronary flow have limitations. Indirectness of the
measurement (interrogating conduit vessel rather than microvessel blood flow) is the most
obvious limitation. Presence of collateral vessels for example could obscure flow in the
microcirculation. Inability to assess the Doppler angle with respect to the vessel and
difficulty in accounting for possible changes in epicardial artery diameter at the site and time
where the flow measurement is made, also reduce reliability of these techniques.

Myocardial contrast echocardiography (MCE) is another sonographic technique that
provides non-invasive assessment of regional myocardial perfusion [26]. MCE was
developed in the 1990s by Sanjiv Kaul using sonar pulses to destroy insonified
microbubbles which lose their echo-opacification upon release of trapped gases. Timing the
reintroduction of tissue contrast from arterial blood outside the heart provides an assessment
of regional myocardial perfusion [49]. Advantages of the MCE technique are the ability for
repeated non-invasive assessments of cardiovascular function, assessment of regional flow,
and the ability to measure blood flow and myocardial blood volume. This allows for
quantitative assessment of flow.

Other techniques are available for assessing human microvascular function in vivo,
including traditional nuclear imaging studies, magnetic resonance imaging [25;51], electron
beam computed tomography (EBT) [2] and positron emission tomography (PET) scanning
[6;21]. For further details on these and other methods also refer to Knaapen et al.[27]

Evaluation of microvascular function in humans – in vitro approaches
A limitation to all in vivo approaches for assessing arteriolar function is the indirectness of
the measurement and the influence of extravascular factors including metabolic, neural,
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humoral, paracrine, and myocardial compressive forces. Myocardial metabolism is the
primary regulator of arteriolar tone, and most stimuli that are used to modulate coronary
tone in vivo also influence contractility, obscuring direct vascular responses to the stimulus.
For example cardiac sympathetic activation elicits a reduction in coronary resistance under
vagotomized conditions in the dog, but this is converted to a frank constriction in the
presence of beta-adrenergic blockade[16] or in the presence of severe coronary stenosis[23],
which attenuates the myocardial metabolic stimulus for dilation. Another, albeit modest,
shortcoming of most in vivo measurements is that global changes in resistance are
measured. While most flow regulation is governed by arterioles 50-200 micrometers in
diameter, a significant portion of resistance remains in other vascular segments downstream
from the conduit coronary vessels. Only total resistance is assessed with in vivo techniques,
masking the heterogeneity in vessel size-specific responses that are well-described in the
coronary bed [32].

For these reasons, in vitro assessment of coronary microvascular function [31] was adapted
from approaches used to study other vascular beds [55]. This is especially useful for studies
of human tissue where more specific pharmacological, molecular, and physiological
approaches can be used. Vessels are isolated from fresh cardiac tissue removed at the time
the patient’s heart is cannulated for cardiopulmonary bypass. From the atrial appendage,
arterioles are dissected away from surrounding pectinate muscles, yielding 3-5 vessels of
50-200 micrometers in diameter and 2-3 mm in length (reviewed in [35]). The isolated
vessel is transferred to a miniaturized chamber containing physiological saline solution
(PSS), mounted between two micropipettes, and pressurized with PSS to approximate in
vivo conditions [10]. Changes in vessel diameter to pharmacological or mechanical stimuli
are measured using electronic calipers connected to a video monitor that projects the image
from a video camera connected to a light microscope. Both commercial and home-made
systems have been successfully utilized to quantify arteriolar reactivity in this way. An
alternative method for slightly larger vessels is wire myography in which stirrups are used to
stretch the artery and measure changes in tension generated to stimuli under isometric
conditions. This method is faster, but less physiological and often results may differ between
techniques (unpublished observations).

In Vitro Isolated Vessels Studies
There are several caveats surrounding in vitro studies of the human coronary circulation.
Use of human tissue provides clinical relevance. No animal models can mimic the chronicity
and complexity of human coronary atherosclerosis. Furthermore there is substantial
variability in mechanisms of dilation from species to species, making it unclear which is
most relevant to the human condition. However two important limitations exist.

First, it is not ethically possible to obtain cardiac tissue from truly healthy individuals. Most
human coronary microvessels are derived from patients with coronary disease. To address
this issue responses are compared using tissue from subjects without coronary artery disease
(CAD), or other risk factors, who undergo valve replacement or repair of congenital heart
defects.

Second, human subjects are much more heterogeneous than most animal models, risking a
type II statistical error when dependent variables are influenced by confounding factors such
as gender, age, medications, genetics, or presence of diseases.

Endothelium-dependent human coronary microvascular relaxation
A variety of endothelial derived substances arising from different signaling pathways
mediate arteriolar vasodilatation. The responsible agent in a given vascular bed differs from
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one species to another and from one vascular bed to another within the same species.
Conduit vessel responses do not always parallel those in the contiguously connected
microvessels. Gender, presence of disease, medications, and age may determine which
mediator elicits dilation. For example, in male Wistar rat cremaster muscle, prostacyclin is
almost exclusively responsible for flow-induced dilation [28] and participates in other
vessels as well [14;66]. In skeletal muscle arterioles from female eNOS KO mice,
epoxyeicosatrienoic acid (EET) is the mediator of flow- induced [24]. EETs play a role in
other vessels as well, including human coronary vessels [7;33;54]. In pig coronary arterioles,
only nitric oxide seems to serve this role [30]. This heterogeneity implies physiological
importance to arteriolar endothelium-dependent dilation and is further supported by the
powerful compensatory mechanisms that allow substitution of one dilator for another in the
presence of disease [46].

Because of the diversity in endothelial mediators of dilation, the remainder of this review
will focus on results from in vitro studies of the human resistance vasculature. Attention will
be directed toward flow-mediated dilation (FMD) since it occurs ubiquitously throughout
the circulation, is endothelium-dependent, and is particularly prominent in arteriolar vessels
[48].

Flow-mediated vasodilation in the human coronary microcirculation
The endothelium constitutes the largest continuous layer of cells in the body. Throughout
life virtually all of these cells are continuously exposed to shear forces generated from blood
flow. It is not unexpected then that shear stress activates a variety of endothelial signaling
pathways with the nature of the shear determining the type of signal. For example laminar
shear typically elicits an anti-inflammatory, pro-proliferative set of responses, while
turbulent or oscillatory shear does the opposite [65]. Pulsatility further modulates the
response to shear [8].

One can postulate a physiological advantage for FMD as a sensitizer of metabolic dilation.
As resistance vessels relax in response to vasodilator metabolites, the resulting increase in
flow (to match oxygen consumption with oxygen delivery) further dilates the artery/
arteriole, facilitating the dilator process. Upstream vessels supplying metabolically active
regions would also undergo FMD. This would further improve flow exclusively to the
region where the blood is needed. Thus FMD serves as a means for mechanical
communication between resistance and upstream vessels in coordinating an optimal and
localized increase in flow during metabolic demand.

FMD may also serve to “fine tune” other local vasomotor regulatory factors. In response to a
rise in pressure, myogenic constriction defends vascular wall tension through an active
reduction in vessel diameter. An increase in pressure with reduced wall diameter results in
an increase in flow and thus shear. FMD in this case would modulate the myogenic
constriction [30].

Mediators of FMD in human coronary arterioles—We examined FMD in isolated
human coronary arterioles (HCA) mounted between two pipettes and pressurized with
physiological saline solution to mimic estimated pressure in vivo [11]. By raising the height
of one pressure reservoir and reducing the height of the other by similar magnitude, we can
effect an increase in flow without a change in intraluminal pressure. It is critical to use
pipettes of matched resistance so that changes in diameter during flow reflect FMD.

As reported in most other vessels, FMD of HCA is endothelium-dependent[46]. At flows
comparable to those seen during high physiological shear rates (~20 dynes/cm2), dilation
approaches nearly 100% of that seen to the potent endothelium-independent dilator,
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papaverine. These observations are observed independent of age, gender, presence or
absence of disease, or medications. However the mediators of dilation do appear to vary
with age and disease. The vast majority of subjects we have examined had extensive
coronary artery disease (CAD). In these subjects EDHF was responsible for virtually 100%
of the FMD. However we previously observed in small numbers of subjects without CAD
that nitric oxide (NO) contributes to about one third of FMD [46]. Recent preliminary data
have identified that in pediatric subjects (ages 2-16) with congenital heart disease, FMD in
atrial arterioles is mediated almost exclusively by prostaglandins (i.e. inhibited by
indomethacin) [72]. We have also observed in larger numbers of adults without CAD, that
NO is the primary mediator of FMD, even when age-matched for those with CAD [72]. This
contrasts with our prior observation of ~30% contribution from NO [46], but in that paper,
several of the subjects without CAD were young children, where L-NAME (used to assess
the NO component to dilation) would be expected to have minimal effect since
prostaglandins are the primary endothelial-derived dilator substances. The data are
consistent with a transition in the role of mediators of FMD in the human heart from youth
to adulthood (prostaglandins to NO) and again with the onset of disease (NO to endothelial
derived relaxation factor (EHDF)).

EDHFs represent a heterogeneous class of dilator substances/mechanisms that result in
smooth muscle hyperpolarization and relaxation (from inhibition of voltage-dependent
calcium channels). In addition to its dilator capacity, the importance of EDHF lies in its
ability to compensate for loss of other mediators, most notably NO, during elevations in
reactive oxygen species as occur with inflammation, CAD and its risk factors [52]. Thus
certain EDHFs continue to elicit dilation under conditions where NO cannot.

A variety of mediators of endothelial hyperpolarization have been identified, including
anandamide [57], C-natriuruetic peptide [9], potassium ions [15], epoxyeicosatrienoic acid
EET [7], NO [12], and H2O2 [36]. Identification of a role for EDHF in vasodilatation has
often been one of exclusion; namely, observing an endothelium-dependent dilation
associated with smooth muscle hyperpolarization in the presence of inhibitors of NOS and
cyclooxygenase. Demonstration of frank endothelium-dependent smooth muscle
hyperpolarization strongly supports the contention. Clearly FMD of HCA from subjects with
CAD meets this definition of EDHF, but this does not indicate which EDHF mediates FMD
in the human heart.

Identifying the EDHF responsible for FMD in the human coronary
microcirculation—We have applied a pharmacological/electrophysiological approach to
address this question. Both epoxyeicosatrienoic acid (EET; (11,12- regioisomer) [34;46] and
H2O2 [36] elicit a dose-dependent dilation of HCA. This dilation is prevented in the
presence of elevated bath potassium, and is inhibited by blockers of calcium-activated
potassium channels on the smooth muscle [36;45]. Inhibition of either cytochrome P450
epoxygenase [46] or administration of PEG-catalase [45] blocks FMD in human atrial
arterioles. This occurs in the presence or absence of inhibitors of nitric oxide synthase (L-
NAME) and cyclooxygenase (indomethacin; INDO). These data support a role for both
EETs and H2O2 in mediating FMD in the human heart (Figure 2).

We next sought to determine which of these agents is released from the endothelial cell and
acts on the smooth muscle to bring about hyperpolarization. To do this we employed a
bioassay system where an upstream arteriole (endothelium intact) and downstream arteriole
(endothelium denuded) are connected in series using two bath chambers so that the effluent
from the upstream vessel perfuses the downstream arteriole [36]. When a pressure gradient
is created from the proximal port of the upstream vessel to the distal port of the downstream
vessel, dilation is observed in both vessels only if the direction of flow is from the intact to
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denuded vessel. Reversal of flow dilates the endothelium-intact vessel only. This indicates
that endothelial substances are released from the donor vessel into the lumen and then travel
downstream to dilate the detector vessel.

We can also collect the effluent from the donor vessel and assess it for EDHF. For example
when the effluent from a perfused vessel is dripped onto primary cultures of vascular
smooth muscle cells from the same subject, there is an increase in BKCa channel activity
that can be quenched by iberiotoxin, a selective BKCa inhibitor [36] (Figure 3).

Prior observations using the bioassay system and a sensitive HPLC assay, showed that EETs
are released into the donor (endothelium-intact) vessel effluent in response to bradykinin
[34]. When put into the detector vessel bath solution, a specific EET antagonist (EEZE) [34]
reduced dilation to bradykinin indicating that EETs can serve as the transferrable agent
mediating hyperpolarization of smooth muscle cells. Surprisingly, in response to shear
stress, we have been unable to detect any regioisomer of EET in the donor vessel effluent,
thus it has been difficult to confirm a role for EET as the EDHF during FMD. However we
do measure H2O2 emanating from the donor vessel in response to shear [36]. Furthermore
the detector vessel dilation during shear is blocked by administration of PEG-catalase. When
the bioassay is modified as described above so that the donor vessel effluent bathes freshly
isolated HCA smooth muscle cells [36], a catalase-reversible increase in both 2′, 7′-
dichlorofluorescin (DCF) fluorescence (a commonly used peroxide detecting assay to detect
oxidative stress) and single channel BKCa activity is observed. These data confirm that
H2O2 is the factor acting to hyperpolarize smooth muscle cells and elicit dilation.

Proof that H2O2 is the transferrable factor mediating FMD—These data do not
however prove the H2O2 is the factor transferred from endothelium to smooth muscle.
Perhaps the H2O2 arises from the smooth muscle in response to a distinct agent that is
released from the donor vessel endothelium. To test whether the H2O2 that is responsible for
the dilation arises from the endothelium, we passed the donor effluent through a column of
beads with covalently bound but active catalase [36]. Naked beads inserted between
bioassay vessels did not alter the detector dilation to flow through the donor vessel, but
when catalase-bound beads were used, the dilation and distal detection of H2O2 formation
were abolished. These data eliminated the possibility that some other factor was released
from the endothelium to stimulate H2O2 formation in the vascular smooth muscle and
confirm that H2O2 is the transferrable factor. Therefore in contrast to bradykinin, where
EETs serve as an important EDHF, with FMD H2O2 is the endothelium-derived mediator.

Source of hydrogen peroxide—H2O2 is typically generated by two-electron reduction
of oxygen. This can occur in one enzymatic step, or more typically it involves generation of
the intermediate ROS, superoxide. Multiple cellular sources are capable of generating
superoxide including NADPH oxidase (NOX 1 and NOX4 in the endothelium), xanthine
oxidase, cyclooxygenase, uncoupled eNOS, mitochondria, lipoxygenases, and some
CYP450 enzymes. Cellular ROS generation can stimulate other intracellular signaling
pathways, making it difficult to determine which ROS source is responsible for FMD.
Rather than test each potential source separately, we initially sought to measure ROS release
from endothelial cells in response to shear. Using electron paramagnetic resonance and the
spin adduct BMPO, we detected a strong ubisemiquinone signal in the vessel effluent
following shear. This was only present in vessels with endothelium intact and could be
elicited multiple times in the same vessel [38]. The ubisemiquinone fingerprint transformed
within 1 minute to a pattern suggestive of hydroxyl radical, thereby implicating generation
of hydrogen peroxide. Since ubisemiquinone is specifically localized to the mitochondria,
these data indicate that mitochondrial sources (likely via the respiratory chain) are
responsible for the EDHF released from HCA during flow. This is consistent with the
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known role of mitochondria as the major source of superoxide generation in most cells.
[18;47;50;56;59].

Transfer of an electron to oxygen can occur at several sites along the mitochondrial electron
transport chain. FeS++ groups in complex I and the Qo segment of the quinone cycle in
complex III are common sources for electrons to escape the transport chain and reduce
oxygen. This occurs more frequently when mitochondria are hyperpolarized and ATP/ADP
ratios are high. Superoxide cannot easily cross mitochondrial membranes but when its
formation is directed toward the matrix, MnSOD rapidly converts it to H2O2 which is freely
diffusible to the cytosol. When directed toward the intermembrane space, CuZn SOD and
convert superoxide to hydrogen peroxide.

We used pharmacological and fluorescence detection approaches to establish the role of
mitochondrial ROS in mediating FMD. First, flow in HCA causes increases in mitoSOX
fluorescence (a marker for mitochondrial derived superoxide), an indicator of mitochondrial
superoxide formation (unpublished data). This is associated with an elevation in cytosolic
peroxides. More importantly specific inhibitors of mitochondrial complexes I and III
(rotenone and myxothiazol) but not of complex IV (cyanide) reduced both mitoSOX
fluorescence and FMD [38]. This shows that inhibition of mitochondrial respiration is not
sufficient to block FMD; rather reduction in mitochondrial ROS formation is required.
Dilation to papaverine was not affected by any inhibitor, excluding a non-specific effect.

In preliminary data we have used mitochondria-targeted antioxidants to confirm the
hypothesis. Vitamin E covalently bonded to triphenylphosphonium ion is taken up into the
mitochondrial matrix 100-200 fold more than in the cytosol. This is due to the marked
membrane potential gradient created by hydrogen ion extrusion. Vitamin E (1 mM) had no
effect on FMD, but a similar quantity of mito-Vitamin E eliminated both the increase in
mitoSOX formation and FMD in these vessels. Another intramitochondrial antioxidant,
mito-PBA which is selective for peroxynitrite and H2O2 showed similar results [71]. These
data confirm a role for endothelial mitochondrial generation of hydrogen peroxide, the
transferrable factor mediating vasodilation, in FMD of HCA in subjects with CAD.

Mechanochemical signaling of FMD in the human heart—It is interesting to
consider how a mechanical stress applied to the surface of an endothelial cell would
stimulate the release of H2O2 from the mitochondria. Multiple mechanochemical signaling
options have been described [13], however we have evidence supporting the role of two in
the human coronary circulation. Endothelial cells contain an extensive actin filamentous and
microtubular subarchitecture that provides structural stability and anchorage to the
underlying basement membrane, and also serves to transduce mechanical signals [1]. For
example actin filaments connect the endothelial surface with focal adhesion complexes on
the basal segment of the cell that anchor the cell to the basement membrane through
integrins. Mechanical perturbation of these cytoskeletal fibers (e.g. through shear stress), tug
on focal adhesion kinases at the cell’s base leading to their activation, which in turn
phosphorylates and stimulates eNOS, with NO release, resulting in dilation [61]. This is a
key component of the mechanism of FMD in rat gracilis arterioles [60].

We examined whether a similar mechanical stress could also activate mitochondrial release
of hydrogen peroxide. HCA treated with nocodazole (to disrupt microtubules) or
cytochalasin D (to block actin filament elongation) prevented the shear-induced increase in
fluorescence from DCF (peroxides) and 2-hydroxy ethidium (superoxide formation) in HCA
[37]. Both inhibitors also blocked mitochondrial superoxide elevations during shear and
reduced FMD, with an additive effect using both inhibitors together [37]. Neither inhibitor
affected the dilation to bradykinin or papaverine. These data show that intact cytoskeletal
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elements play a key role in shear-induced mitochondrial ROS generation and dilation in
HCA.

Other mechanosensitive elements are present in endothelial cells. The glycocalyx[23;23]
[29] is a known mechanotransducer in endothelial signaling. Intact caveolae are required in
some vessels for FMD [69]. In addition, a variety of ion channels have been postulated to
sense shear in endothelium. Among these, the transient receptor potential vannilloid channel
4 subtype cation channel (TRPV4) has been implicated in multiple vascular beds [40;42;44].
TRPV4 conducts calcium as well as sodium into the cell. They are constitutively expressed
and located in caveolae [53]. We examined the role of TRPV4 in FMD of coronary
arterioles. In mouse coronary vessels, inhibition of TRPV4 with ruthenium red abrogated
FMD [44]. Furthermore TRPV4 KO mice showed a mild increase in blood pressure and
absence of coronary FMD. These data show that TRPV4 are critical for FMD. In
preliminary studies we examined the role for TRPV4 in signaling FMD in HCA. The
TRPV4 opener, 4αPDD_- phorbol 12,13-didecanoate (4αPDD).

stimulated mitochondrial ROS formation and dose-related endothelium-dependent dilation
[3]. Inhibition of TRPV4 (ruthenium red) blocked dilation to 4aPDD and to shear in HCA
but had no effect on the dilation to papaverine. Since ruthenium red is not specific, we also
used siRNA to knock down TRPV4 channel expression in HCA [3]. After siRNA treatment,
vasodilation to papaverine was maintained but FMD was significantly reduced, suggesting a
role for TRPV4 in mediating FMD in HCA. It is of interest that EETs are known to
stimulate TRPV4 opening [67], providing a possible mechanism by which EET is involved
in the FMD signaling pathway. This will require further study.

Vascular Smooth Muscle relaxation to endothelial derived hydrogen peroxide
The intraendothelial signal transduction pathway for FMD in HCA is described above. As a
final event, H2O2 is released from the endothelium to elicit smooth muscle relaxation. There
are a number of pathways by which H2O2 can elicit dilation. Most involve the NO-cGMP-
PKG-BKCa pathway leading to membrane hyperpolarization (thus denoted as an EDHF
dilator mechanism) and reduced calcium entry, resulting in relaxation. Much of the
biological activity involving H2O2 results from thiol oxidation, leading to RSSG or RSSR
(disulfide) bond formation [17;68]. However this fundamental redox effect can also lead to
diametrically opposite vascular responses via modification of proteins in the same pathway.
For example H2O2 can activate eNOS (through phosphorylation of S1179) as a result of
oxidation and inhibition of specific phosphatases [64]. This results in BKCa opening.
However H2O2 can also inhibit opening of the human Slo1 channel (calcium activated
potassium channel homolog of KCa alpha subunit) expressed in HEK cells (BKCa alpha
subunit) [62] by oxidizing cysteine residues in the calcium-sensing bowl region of the
channel’s pore-forming unit located in the cytosolic domain.

H2O2 stimulates guanylyl cyclase directly leading to formation of cGMP in pulmonary
arteries [5], leading to PKG activation. Alternatively, H2O2 can oxidize cysteine 42 on
PKG-1α monomers to create a disulfide bond, resulting in dimerization and activation of the
kinase [4]. In HCA we tested whether hydrogen peroxide-induced opening of BKCa
channels involves activation of the cGMP-PKG pathway.

In preliminary studies, dilation of HCA to H2O2 was not altered by L-NAME, an inhibitor
of NOS, or by ODQ, a selective inhibitor of guanylyl cyclase [70]. The dilation was
inhibited by 8-Br-cGMP, a specific inhibitor of PKG-1α. Treatment of cultured human
coronary endothelial cells with H2O2 increased dimerization of PKG-1α, an effect that could
be blocked with dithiothreitol [70]. These data indicate that PKG-1α is activated directly by
H2O2 through dimerization, and that this activation is responsible for dilation in HCA.
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A summary of the pathways involved in FMD of the human coronary microcirculation are
depicted in the schematic shown in Figure 3.

Concluding remarks
Shear stress is a ubiquitous mechanism of vasodilation that is arguably the most important
endothelium-dependent mechanism of flow regulation. There are a variety of mediators
responsible for this response across species and vascular beds, but shear-induced
mitochondrial production of H2O2 appears to be a unique mechanism in the coronary
microcirculation of people with conduit coronary atherosclerosis. In addition to providing
insights into regulating perfusion in the diseased heart, these observations may have broader
vascular impact. To the extent that microcirculatory abnormalities predict large vessel
dysfunction and atherosclerosis [20], the specific mediators of dilation (NO, prostaglandins,
EET, hydrogen peroxide) may have very different effects on prognosis and propensity for
atherosclerosis. NO and the EDHF, EET, are antithrombotic, prevent smooth muscle
proliferation, and suppress endothelial activation. However H2O2 can stimulate smooth
muscle proliferation, endothelial cell adhesion molecule expression, and thrombosis, thus
understanding the transition from one dilator agonist to another could be an important
prognostic marker and therapeutic or preventive target. Future studies should examine these
transitions in dilator mechanism from health to disease, and examine whether the endothelial
products released during shear (or agonist stimulation) can be modulated to minimize
vascular damage from key atherosclerosis risk factors.
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Highlights

• Coronary blood flow is regulated by arterioles between 50-200 microns in
diameter

• Shear-induced dilation amplifies metabolic dilation by reducing upstream
vascular resistance

• Shear-induced endothelial hydrogen peroxide originates from mitochondria

• This shear-released hydrogen peroxide dilates coronary arterioles from humans
with CAD

• Transient receptor potential vanilloid 4 channels are required for the dilation to
shear
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Figure 1. Hydrogen peroxide and epoxyeicosatrienoic acids are necessary for flow-mediated
dilation of human coronary arterioles from patients with coronary disease
Representative images of DCFH fluorescence (A) in an human coronary arteriole before (a
and e) and after exposure to shear stress (b through d and f through h) in the absence or
presence of catalase (1000 U/mL). a through d, Shear stress induces an increase in
fluorescence intensity in the endothelial cell layer (EC) but not in the VSMC layer (SM). e
through h, Increase in fluorescence to shear stress was not observed in vessels treated with
catalase. Summary data (B) shows that shear stress induced endothelial H2O2 production
occurred in a time-dependent manner (*P<0.05 vs baseline, n=5). Treatment with catalase
completely abolished H2O2 production (P<0.05 vs control, n=4). Flow-induced dilation is
also markedly inhibited by miconazole (C) or the selective epoxygenase inhibitor 17-
ODYA. Reprinted from [45] and [46]. Reproduced with permission from the American
Heart Association.

Beyer and Gutterman Page 14

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effect of effluent from donor vessel on K channel activity in cell-attached patches of
coronary smooth muscle cells
Preparation is depicted in (A) showing a cannulated donor vessel perfused by physiological
saline with the effluent bathing cultured fresh vascular smooth muscle cells from the same
patient. As indicated in sample traces (A) and summarized data (B), effluent from donor
vessel greatly enhanced Npo (probability of channel opening) in cell-attached patches of
smooth muscle cells. The ehancement was blocked by 100 nmol/L iberiotoxin (IBTX).
Adapted from Liu et al [36] and Reproduced with permission from the American Heart
Association.

Beyer and Gutterman Page 15

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Signaling pathways for flow-mediated dilation (FMD) in the human coronary
microcirculation. Major regulators of FMD include nitric oxide (NO), prostacyclin (PGJ2),
epoxyeicosatrienoic acid (EET), and hydrogen peroxide (H2O2). Each of these factors can
act on the underlying smooth muscle cells to induce vasodilation as illustrated. Dashed lines
represent pathways that may be active in other vessels, species, and conditions, but do not
play a major role in humans with coronary disease. Abbreviations: ETC = electron transport
chain. AA = Arachidonic Acid, SOD = Superoxide Dismutase; CAT = Catalase, O2

· =
Superoxide, ONOO− = peroxynitrite, eNOS = endothelial Nitric oxide synthase. PLA =
Phospholipase A2, TRPV4 = Transient receptor potential cation channel subfamily V
member 4. CYP450 = cytochrome P450, EET = Epoxyeicosatrienoic acid, Cox =
Cyclooxygenase , TX = Thromboxane. PKG1a = Cyclic GMP-dependent Protein Kinase G1
alpha, NADPH Oxidase = Nicotinamide Adenine Dinucleotide Phosphate-Oxidase.
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