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Abstract: Upon stimulation with agonists and shear stress, the vascular endothelium of different
vessels selectively releases several vasodilator factors such as nitric oxide and prostacyclin.
In addition, vascular endothelial cells of many vessels regulate the contractility of the vascular
smooth muscle cells through the generation of endothelium-dependent hyperpolarization (EDH).
There is a general consensus that the opening of small- and intermediate-conductance Ca2+-activated
K+ channels (SKCa and IKCa) is the initial mechanistic step for the generation of EDH. In animal
models and humans, EDH and EDH-mediated relaxations are impaired during hypertension, and
anti-hypertensive treatments restore such impairments. However, the underlying mechanisms of
reduced EDH and its improvement by lowering blood pressure are poorly understood. Emerging
evidence suggests that alterations of endothelial ion channels such as SKCa channels, inward rectifier
K+ channels, Ca2+-activated Cl− channels, and transient receptor potential vanilloid type 4 channels
contribute to the impaired EDH during hypertension. In this review, we attempt to summarize the
accumulating evidence regarding the pathophysiological role of endothelial ion channels, focusing
on their relationship with EDH during hypertension.
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1. Introduction

Endothelial cells play a critical role in the regulation of vascular tone through the release of several
vasorelaxing and vasoconstricting factors [1]. In addition to the release of relaxing factors such as
nitric oxide (NO) and prostaglandins, endothelial cells relax the vascular smooth muscle cells through
the generation of smooth muscle hyperpolarization in an endothelium-dependent manner [2–4].
Although the mechanisms by which endothelial cells produce smooth muscle hyperpolarization
may vary depending on the vascular beds and species, both diffusible factors and contact-mediated
pathways contribute to the endothelium-dependent smooth muscle hyperpolarization [5–7].

In certain vascular beds and specific conditions, diffusible factors such as epoxyeicosatrienoic acids
(EETs) [8,9], K+ ions [10], C-type natriuretic peptide [11], hydrogen peroxide (H2O2) [12] and hydrogen
sulfide (H2S) [13] function as endothelium-derived hyperpolarizing factors (EDHFs). For instance, EETs
(which play an important role in the regulation of vascular tone, hemostasis, and inflammation [14–16])
released from the endothelial cells transfer to the adjacent smooth muscle cells and produce smooth
muscle hyperpolarization through the opening of large conductance Ca2+-activated K+ (BKCa) channels
(Figure 1).
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Figure 1. Diffusible and contact-mediated mechanisms of endothelium-dependent smooth muscle 
hyperpolarization. In certain vascular beds in specific conditions, diffusible factors such as 
epoxyeicosatrienoic acids (EETs), K+ ions, and hydrogen peroxide (H2O2) hyperpolarize smooth 
muscle cells through the opening of potassium channels and/or Na+/K+-ATPase. In addition, 
endothelium-dependent hyperpolarization initiated in endothelial cells with a rise in intracellular 
calcium and the subsequent activation of small (SKCa) and intermediate conductance (IKCa) Ca2+-
activated K+ channels spreads to adjacent smooth muscle cells via myoendothelial gap junctions 
(MEGJs) in a number of vascular beds. In some vascular beds, combination of diffusible and contact-
mediated mechanisms underpin smooth muscle hyperpolarization. 

Endothelial cells also produce smooth muscle hyperpolarization in a contact-dependent manner 
[5–7]. Specifically, endothelium-dependent hyperpolarization (EDH) initiated in endothelial cells 
with a rise in intracellular calcium and the subsequent activation of small (SKCa) and intermediate 
conductance (IKCa) Ca2+-activated K+ channels spreads to adjacent smooth muscle cells via 
myoendothelial gap junctions (MEGJs) in a number of vascular beds [17–25]. Although there is a 
consensus that the intracellular release of Ca2+ from the endoplasmic reticulum (ER) and subsequent 
activation of the SKCa and IKCa channels in the endothelium is a prerequisite for the generation of 
EDH [5–7], several studies suggest that Ca2+ influx through endothelial non-selective cation channels 
of the transient receptor potential (TRP) family also plays an important role in EDH via the 
downstream activation of SKCa and IKCa channels in some vascular beds [26–30]. In certain vascular 
beds in specific conditions, diffusible factors such as EETs and K+ ions generate EDH through the 
activation of endothelial TRP channels [14] and endothelial inward rectifier K+ (Kir) channels [31], 
respectively (Figure 1). As EDH plays a dominant role in endothelium-dependent relaxation in 
resistance arteries [32–34], and pressure in resistance arteries contribute substantially to total 
peripheral resistance, alterations in the EDH pathway would contribute not only to endothelial 
function but also to the regulation of arterial blood pressure. 

Hypertension is the most important risk factor for cardiovascular disease across the world [35]. 
Prolonged hypertension causes vascular endothelial dysfunction, which in turn facilitates the 
progress of atherosclerosis, finally leading to cardiovascular disease [36–38]. It is therefore of great 
importance to uncover the responsible mechanisms and find effective treatments for endothelial 
dysfunction during hypertension. Although a reduction in NO bioavailability and an enhanced 
production of endothelium-derived contracting factors contribute to the endothelial dysfunction 
during hypertension [36,37,39], we have shown that the impaired EDH-mediated hyperpolarization 
and relaxation contribute to the endothelial dysfunction in mesenteric arteries of spontaneously 
hypertensive rats (SHR) [40,41]—the most commonly used animal model for human essential 
hypertension [42]. Reduced EDH during hypertension has also been reported in other models of 
hypertension [41]. 

Figure 1. Diffusible and contact-mediated mechanisms of endothelium-dependent smooth muscle
hyperpolarization. In certain vascular beds in specific conditions, diffusible factors such as
epoxyeicosatrienoic acids (EETs), K+ ions, and hydrogen peroxide (H2O2) hyperpolarize smooth
muscle cells through the opening of potassium channels and/or Na+/K+-ATPase. In addition,
endothelium-dependent hyperpolarization initiated in endothelial cells with a rise in intracellular
calcium and the subsequent activation of small (SKCa) and intermediate conductance (IKCa)
Ca2+-activated K+ channels spreads to adjacent smooth muscle cells via myoendothelial gap junctions
(MEGJs) in a number of vascular beds. In some vascular beds, combination of diffusible and
contact-mediated mechanisms underpin smooth muscle hyperpolarization.

Endothelial cells also produce smooth muscle hyperpolarization in a contact-dependent
manner [5–7]. Specifically, endothelium-dependent hyperpolarization (EDH) initiated in endothelial
cells with a rise in intracellular calcium and the subsequent activation of small (SKCa) and
intermediate conductance (IKCa) Ca2+-activated K+ channels spreads to adjacent smooth muscle cells
via myoendothelial gap junctions (MEGJs) in a number of vascular beds [17–25]. Although there is a
consensus that the intracellular release of Ca2+ from the endoplasmic reticulum (ER) and subsequent
activation of the SKCa and IKCa channels in the endothelium is a prerequisite for the generation
of EDH [5–7], several studies suggest that Ca2+ influx through endothelial non-selective cation
channels of the transient receptor potential (TRP) family also plays an important role in EDH via the
downstream activation of SKCa and IKCa channels in some vascular beds [26–30]. In certain vascular
beds in specific conditions, diffusible factors such as EETs and K+ ions generate EDH through the
activation of endothelial TRP channels [14] and endothelial inward rectifier K+ (Kir) channels [31],
respectively (Figure 1). As EDH plays a dominant role in endothelium-dependent relaxation in
resistance arteries [32–34], and pressure in resistance arteries contribute substantially to total peripheral
resistance, alterations in the EDH pathway would contribute not only to endothelial function but also
to the regulation of arterial blood pressure.

Hypertension is the most important risk factor for cardiovascular disease across the world [35].
Prolonged hypertension causes vascular endothelial dysfunction, which in turn facilitates the
progress of atherosclerosis, finally leading to cardiovascular disease [36–38]. It is therefore of great
importance to uncover the responsible mechanisms and find effective treatments for endothelial
dysfunction during hypertension. Although a reduction in NO bioavailability and an enhanced
production of endothelium-derived contracting factors contribute to the endothelial dysfunction
during hypertension [36,37,39], we have shown that the impaired EDH-mediated hyperpolarization
and relaxation contribute to the endothelial dysfunction in mesenteric arteries of spontaneously
hypertensive rats (SHR) [40,41]—the most commonly used animal model for human essential
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hypertension [42]. Reduced EDH during hypertension has also been reported in other models of
hypertension [41].

However, the precise mechanisms by which prolonged hypertension impairs EDH-mediated
responses are not fully understood. The change in the number and/or function of MEGJs does not
seem to be a major contributing factor to impaired EDH-mediated responses during hypertension: first,
because previous studies did not observe a positive correlation between EDH-mediated responses and
the number of MEGJs in arteries of SHR [43,44]; second, smooth muscle hyperpolarization to 1-EBIO,
an endothelial IKCa channel activator [45], was not altered in mesenteric arteries of SHR, indicating
that electrical propagation from endothelial cells to smooth muscle cells via MEGJs is preserved during
hypertension [44,46].

Vascular endothelial cells express various types of functional ion channels, including SKCa

channels, IKCa channels, inward rectifier K+ (Kir) channels, ATP-sensitive K+ (KATP) channels,
voltage-gated K+ (Kv) channels, Ca2+-activated Cl− channels (CaCCs), and TRP channels [47–49].
Alterations of ion channels in vascular endothelial cells during hypertension have been reported [50],
and several studies suggest that alterations of the function and/or expression of endothelial ion
channels underpin the impaired EDH in animal models of hypertension [46,51–53]. In addition,
deletion of some of these endothelial ion channels impairs EDH-mediated responses and increases
systemic blood pressure in genetically modified mice [54,55].

These findings strongly suggest that alterations of endothelial ion channels greatly contribute
to the impaired EDH-mediated responses during hypertension. Such alterations would represent
potential therapeutic targets for the prevention of the endothelial dysfunction associated with
hypertension. In this review, we discuss the accumulating evidence regarding alterations of endothelial
ion channels, focusing on these channels’ relationship with reduced EDH during hypertension.

2. Endothelium-Dependent Hyperpolarization (EDH) in Animal Models of Hypertension

In 1992, Van de Voorde et al. revealed that endothelium-dependent hyperpolarization in response
to acetylcholine (ACh), which appears to be mediated by the opening of KCa channels, is impaired
in the aorta from two-kidney, one-clip renal hypertensive rats, and they noted that this impairment
contributes to the reduced endothelium-dependent relaxation in this model [56]. However, because
their study was conducted without inhibiting the synthesis of NO and prostaglandins (both of which
produce endothelium-dependent smooth muscle hyperpolarization in certain vascular beds [57,58]),
it was difficult to accurately evaluate the relative contribution of EDH to impaired ACh-induced
hyperpolarization during hypertension in their rat hypertension model. In a study using the superior
mesenteric arteries of SHR, Fujii et al. demonstrated that ACh-induced, endothelium-dependent
hyperpolarization and relaxation resistant to inhibitors of NO and prostaglandin synthesis (and
thus EDH-mediated responses), were decreased in SHR compared with normotensive Wistar-Kyoto
(WKY) rats [40]. Such alterations in EDH during hypertension appear to be secondary to
hypertension because EDH-mediated responses are preserved at the pre-hypertensive stage of
genetically hypertensive rats [46,59]. Subsequent studies similarly observed impaired EDH-mediated
responses in mesenteric [41,46,52,59–62], renal [63–65], coronary [66], femoral [67], and ocular
ciliary [68] arteries of genetically hypertensive rats. Reduced EDH-mediated responses have also
been reported in arteries from different types of hypertensive rats such as deoxycorticosterone acetate
(DOCA)-salt-induced [69,70] and angiotensin II-induced hypertensive rats [71].

In some circumstances, in particular, when NO-mediated vasorelaxation is compromised, EDH
may function as a back-up system to maintain overall endothelial function [72]. Indeed, upregulation
of EDH-mediated responses in conjunction with reduced NO-mediated responses has been reported in
certain vascular beds from animal models of hypertension [73–77]. Further support for this notion is
provided by the observation that EDH-mediated responses are upregulated in endothelial nitric oxide
synthase (eNOS) knockout mice [78].
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The mechanism by which NO inhibits EDH activity remains an open question. However, several
possible mechanisms have been suggested including inhibition of cytochrome P-450 enzyme activity
by NO [72], reduced permeability of gap junctions by NO [79], and an inhibitory effect of NO on
Ca2+-permeable nonselective cation channels via a protein kinase G (PKG)-dependent phosphorylation
pathway [80]. Nevertheless, it was reported that such an upregulation of EDH during hypertension
disappeared when hypertension was sustained over a long period of time [65,81]. Thus, in general,
prolonged hypertension produces an impairment of EDH, and this impairment appears to underpin
the endothelial dysfunction associated with hypertension. In the following sections, we summarize the
ionic mechanisms in vascular endothelial cells contributing to the reduced EDH during hypertension.

3. Role of Endothelial Ion Channels in Reduced EDH during Hypertension

3.1. Ca2+-Activated K+ (KCa) Channels

In vascular endothelial cells, both small and intermediate conductance Ca2+-activated K+ channels
(SKCa and IKCa) are expressed [47,48], and there is a consensus that the activation of the SKCa and
IKCa channels in the endothelium results in the generation of EDH in a number of vascular beds [5–7].
Indeed, the involvement of both SKCa and IKCa channels in the generation of EDH has now been
supported on the basis of the results from mice deficient in these channels [54,55,82]. In addition,
KCa channel-deficient mice show high blood pressure, suggesting that endothelial KCa channels
play an important role in blood pressure regulation as well [54,55,82]. Although large conductance
Ca2+-activated K+ (BKCa) channels are present in the endothelial cells of some vascular beds [83], there
is little evidence showing the involvement of endothelial BKCa channels in the generation of EDH; or
of the presence of endothelial BKCa channels in intact vessels [5,7].

Changes in the function and/or expression of endothelial SKCa and IKCa channels during
hypertension, in particular, those of SKCa channels, have been reported in various types of animal
models of hypertension. Thus in mesenteric arteries of SHR and stroke-prone spontaneously
hypertensive rats (SHRSP), the function and/or expression of SKCa channels are reduced and such
reduction appears to underpin the impaired EDH-mediated responses in this vascular bed [46,52,84,85].
A contribution of reduced SKCa channels’ function and/or expression to impaired EDH-mediated
responses has also been suggested in mesenteric arteries from angiotensin II-induced hypertensive
rats [86], testosterone-induced hypertensive rats [87], and endothelial connexin40 mutant mice that
exhibit hypertension [88].

By contrast, preserved [46,86–88] or even enhanced [77,85] function and/or expression of IKCa

channels have been reported in hypertensive rats and mice. The reason why SKCa and IKCa channels
are differentially regulated during hypertension is not clear. The preserved or enhanced function
and/or expression of IKCa channels might be due to the downregulation of the repressor element
1-silencing transcription factor (a negative regulator of IKCa channels) during hypertension, as has
been suggested in mesenteric arteries of SHRSP [85]. In addition, the differential regulation of the two
endothelial KCa channels might be related to the difference in the subcellular localization of the two
channels, i.e., SKCa channels are localized to the endothelial cell membrane (in particular to adjacent
endothelial cell borders where connexins, the proteins that compose gap junctions, are also abundantly
expressed [89–91]), whereas IKCa channels are, in general, localized to myoendothelial projections
which bring endothelial cells into contact with smooth muscle cells through the internal elastic
lamina [91,92]. Further studies are required to understand the molecular mechanisms underlying these
alterations of endothelial KCa channels during hypertension.

Although these observations suggest a causative relationship between a reduction in SKCa

channels and the impairment of EDH during hypertension, our recent study indicates that the reduction
in SKCa channels alone is not sufficient to explain the impaired EDH in superior mesenteric arteries of
SHRSP [46]. In that study, we observed a significant reduction in SKCa but not IKCa channels’ function
and expression in superior mesenteric arteries of SHRSP in which the ACh-induced, EDH-mediated
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responses were substantially impaired compared to those of WKY rats [46]. However, we also found
that the EDH-type relaxations induced by simultaneous activators of SKCa and IKCa channels (NS309 or
SKA-31) did not differ significantly between the two rat strains, suggesting that the preserved function
of IKCa channels together with residual SKCa channels may help maintain EDH-type relaxation in this
vascular bed [46]. Indeed, this prediction is in agreement with the observation that the blockade of SKCa

channels with the selective inhibitor apamin only marginally inhibited ACh-induced, EDH-mediated
responses in rat mesenteric arteries [46,93]. These findings indicate that, at least in rat mesenteric
arteries, mechanisms other than a reduction in SKCa channels would also contribute to the impaired
EDH during hypertension, as discussed in the following sections.

3.2. Transient Receptor Potential (TRP) Channels

Changes in the membrane potential evoked by EDH are composed of two phases: an initial rapid
phase followed by a sustained phase [94,95]. The initial rapid phase appears to be mediated by the
Ca2+ released from intracellular Ca2+ stores, and the sustained phase seems to be due to the Ca2+ influx
through the opening of nonselective cation channels activated by intracellular Ca2+ depletion [94,95].
Interestingly, several studies demonstrated that Ca2+ influx through endothelial nonselective cation
channels of the transient receptor potential (TRP) family plays a critical role in EDH generation in
certain vascular beds [26–30].

Although limited information is currently available about the role of TRP channels in altered
EDH-mediated responses during hypertension, several recent studies shed light on the endothelial TRP
vanilloid type 4 (TRPV4) channels as a potential target for this alteration. We recently demonstrated
that the opening of endothelial TRPV4 channels and the downstream activation of SKCa and IKCa

are involved in ACh-induced, EDH-mediated responses in superior mesenteric arteries of rats [46].
Our study further demonstrated that endothelial TRPV4 and SKCa channels are downregulated
in SHRSP but not in WKY rats, contributing to the reduced EDH-mediated responses in superior
mesenteric arteries of SHRSP [46] (Figure 2). The downregulation of endothelial TRPV4 seems to
be secondary to hypertension because the function and expression of TRPV4 were preserved in
pre-hypertensive SHRSP [46].

A decrease in the expression of endothelial TRPV4 and a concomitant impairment of
endothelium-dependent relaxation has also been reported in mesenteric arteries of SHR [96]. It thus
seems likely that a downregulation of endothelial TRPV4 underpins the impaired EDH in genetically
hypertensive rats. Indeed, the causative link between the loss of TRPV4 and the impairment of
EDH-mediated responses has been observed in mesenteric arteries of TRPV4 knockout mice [97].
Although another member of the TRP channel family, TRP canonical type 3 (TRPC3), has also been
shown to be critical for EDH-mediated responses in rat third-order branch of the superior mesenteric
arteries [29], we did not detect any alterations of the function or expression of TRPC3 in superior
mesenteric arteries of SHRSP [46].

In contrast, in mesenteric resistance arteries of Wistar rats fed a high-salt diet, the expression of
TRPV4 was upregulated despite the significant increase in arterial blood pressure [98]. The reason for
the discrepancy between the two studies with respect to the expression of TRPV4 during hypertension
is not known. One possible explanation is that the upregulation of TRPV4 may be a compensatory
mechanism to maintain endothelial function in salt-induced hypertension. This scenario agrees well
with the studies demonstrating that a high-salt diet upregulates EDH to compensate for the loss of NO
in mesenteric arteries of rats [74,76].

In the myoendothelial projections (MEPs) of mouse mesenteric arteries, the muscarinic
receptor activation of TRPV4 is achieved through the following signaling cascade: muscarinic
receptors/diacylglycerol/protein kinase C (PKC) and the PKC anchoring protein A-kinase anchoring
protein 150 (AKAP150)/TRPV4 channels, where the AKAP150-dependent clustering of TRPV4
channels plays a critical role in the muscarinic receptor activation of TRPV4 [53]. Moreover,
in mesenteric arteries of angiotensin II-induced hypertensive mice, this signaling cascade was
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dysfunctional due to a loss of AKAP150 at MEPs, resulting in reduced EDH-mediated relaxation [53].
The current density of TRPV4 measured by the patch-clamp technique did not differ in the mesenteric
endothelial cells of normotensive versus angiotensin II-induced hypertensive mice, indicating that the
function and channel numbers of TRPV4 in endothelial cells per se were similar between normotensive
and angiotensin II-induced hypertensive mice [53]. Another study also reported that the protein
expression of TRPV4 did not differ in mesenteric arteries of normotensive versus angiotensin II-induced
hypertensive mice [99]. Taken together, these findings suggest that a reduced expression of AKAP150
at MEPs underpins impaired EDH in mesenteric arteries of angiotensin II-induced hypertensive mice.
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Figure 2. Downregulation of transient receptor potential vanilloid type 4 channel (TRPV4) in 
hypertension. Representative tracing of GSK1016790A (GSK), a selective TRPV4 activator, induced 
hyperpolarization (A) and relaxation (B) in mesenteric arteries of Wistar–Kyoto (WKY) rats and 
stroke-prone spontaneously hypertensive rats (SHRSP). GSK evoked hyperpolarization and 
relaxation in WKY but not in SHRSP arteries. Arteries were depolarized (A) or pre-contracted (B) 
with phenylephrine (10−5 mol/L). Indomethacin (10−5 mol/L) and Nω-nitro-L-arginine (L-NAME, 10−4 
mol/L) were present throughout the experiments. (C) Representative immunoblots of the expression 
of TRPV4 in mesenteric arteries from WKY and SHRSP. The expression of the TRPV4 protein was 
significantly decreased in the SHRSP mesenteric arteries compared with that from WKY. Modified 
from Seki et al. [46]. 

Figure 2. Downregulation of transient receptor potential vanilloid type 4 channel (TRPV4) in
hypertension. Representative tracing of GSK1016790A (GSK), a selective TRPV4 activator, induced
hyperpolarization (A) and relaxation (B) in mesenteric arteries of Wistar–Kyoto (WKY) rats and
stroke-prone spontaneously hypertensive rats (SHRSP). GSK evoked hyperpolarization and relaxation
in WKY but not in SHRSP arteries. Arteries were depolarized (A) or pre-contracted (B) with
phenylephrine (10−5 mol/L). Indomethacin (10−5 mol/L) and Nω-nitro-L-arginine (L-NAME,
10−4 mol/L) were present throughout the experiments. (C) Representative immunoblots of the
expression of TRPV4 in mesenteric arteries from WKY and SHRSP. The expression of the TRPV4
protein was significantly decreased in the SHRSP mesenteric arteries compared with that from WKY.
Modified from Seki et al. [46].

More recently, it was reported that an impairment of the physical and functional interaction of
TRPV4-SKCa channels underlies the reduced EDH-mediated responses in small arteries from mice
with hypertension induced by a high-salt diet [100]. Of particular interest is that both endothelial SKCa

and TRPV4 channels seem to be compromised during hypertension because these two channels are
preferentially localized in caveolae, which are specialized lipid rafts on which a number of transduction
proteins are located [101]. The issue of whether or not the loss of endothelial SKCa and TRPV4 channels
during hypertension is associated with any changes in caveolae warrants further investigation.

3.3. Inward Rectifier K+ (Kir) Channels

A modest increase in the extracellular K+ induces vasodilation through the activation of Na+/K+

ATPase and/or inward rectifier K+ (Kir) channels [102]. Although a few studies have shown impaired
K+-induced vasodilator responses in arteries from animal models of hypertension [103,104] and
patients with essential hypertension [105], the underlying mechanisms remain poorly understood.

In blood vessels, Kir channels are expressed in both smooth muscle cells and endothelial
cells [106–108]. However, the specific cellular location of Kir channels appears to differ depending on
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the vascular beds and vessel size involved [31,107]. In mesenteric resistance arteries of rats and mice,
several studies have shown that functional Kir channels are localized to the endothelium [90,108–112].
The endothelial Kir channels are activated not only by extracellular K+ but also by shear stress [112].
Thus, the absence of endothelial Kir channel activation could increase peripheral resistance and hence
contribute to blood pressure elevation. In fact, Kir2.1+/− mice showed increased mean blood pressure
probably due to the increased microvascular resistance [112].

We have shown that in mesenteric resistance arteries of WKY rats, after the blockade of NO and
prostanoids, the overall hyperpolarization to iontophoresed ACh mediated by EDH was significantly
reduced by the inhibition of endothelial Kir channels with barium, whereas barium was without effect
in SHR arteries [90]. These findings suggest that ACh-induced EDH is augmented by the activation of
endothelial Kir channels in WKY but not in SHR mesenteric resistance arteries. The lack of endothelial
Kir channels’ involvement in ACh-induced EDH in the SHR in that study does not appear to be
related to the alteration of the function or expression of endothelial Kir channels per se, because
barium-sensitive hyperpolarizing responses to exogenously applied K+ and the mRNA expression of
the Kir2.1 gene in mesenteric resistance arteries did not differ between the WKY rats and SHR [90].

Unaltered K+-induced vasodilator responses have also been reported in mesenteric arteries of
angiotensin II-induced hypertensive mice [111] and in cortical parenchymal arterioles of SHR [113],
where endothelial Kir2.1 channels play a dominant role in K+-induced vasodilation [111,114].
In addition, in the smooth muscle cells from mesenteric arteries, the protein expression level of
the Kir2.1 did not differ significantly between normotensive blood pressure (BPN) and hypertensive
blood pressure (BPH) mice [115]. Together, the above-described findings suggest that the function
and expression of endothelial Kir channels per se appear to be preserved during hypertension. Thus,
the underlying mechanism of the lack of endothelial Kir channels’ involvement in ACh-induced
EDH in mesenteric resistance arteries of the SHR in our study is yet to be determined. Nevertheless,
ACh-evoked depolarization mediated by the opening of endothelial Ca2+-activated Cl− channels
(CaCCs) may result in a failure to activate endothelial Kir channels in this vascular bed [90,116].
This scenario is further supported by the observations that the inhibition of Cl− channels potentiates
the EDH-mediated relaxation through the activation of Kir channels in rat mesenteric arteries [108,117].

By contrast, Weston et al. reported that a functional loss of Kir channels in mesenteric resistance
arteries of SHR is due to a significant downregulation in the expression of Kir2.1 protein [52].
The discrepancy between the two studies of Kir channel expression cannot be attributable to the
difference in the vessel size or the age of the animals used, because the two studies were conducted
in mesenteric resistance arteries of rats at about the same age (12 weeks in the Goto et al. study vs.
12–16 weeks in the Weston et al. study) [52,90]. The difference in the expression of Kir channels might
be due to the difference in the systolic blood pressure levels of the SHR used (199 ± 5 mmHg in the
Goto et al. study vs. 235 ± 5 mmHg in the Weston et al. study) [52,90]. Further studies are required to
elucidate the mechanisms underlying the lack of endothelial Kir channels involvement in EDH in the
mesenteric resistance arteries of SHR.

3.4. Voltage-Gated K+ (Kv) Channels and ATP-Sensitive K+ (KATP) Channels

Voltage-gated K+ (Kv) channels are activated by membrane depolarization so that the resting
membrane potential becomes more negative, and thus these channels contribute to the regulation of
vascular smooth muscle tone [118]. Kv channels are highly expressed in vascular smooth muscle cells,
and a number of studies have reported the reduced function and expression of smooth muscle Kv
channels during hypertension [119]. Several studies have suggested the expression of Kv channels
in vascular endothelial cells; however, the physiological role of endothelial Kv channels is poorly
understood [48]. The involvement of endothelial Kv channels in EDH generation in guinea-pig carotid
artery endothelial cells has been suggested [120]. Endothelial cells of the rat aorta from SHRSP have
been reported to show lower levels of Kv1.5 function and expression compared to those from WKY



Int. J. Mol. Sci. 2018, 19, 315 8 of 20

rats [121]. However, it is not yet known whether a decreased expression of endothelial Kv channels
contributes to the impaired EDH during hypertension.

ATP-sensitive K+ (KATP) channels are abundantly expressed in vascular smooth muscle
cells [106], and several studies have reported the reduced function of KATP channels during
hypertension [122,123]. The expression of endothelial KATP channels was also reported in some
vascular beds [48]. Although endothelial KATP channels appear to contribute to vasodilation induced
by hyperosmolality [124] or hypoxia [125], it is not known whether endothelial KATP channels
contribute to EDH and whether function and expression of endothelial KATP channels are altered
during hypertension.

As stated above, little is currently known about the role of endothelial Kv and KATP channels in
the regulation of EDH during hypertension. Nevertheless, it has been shown that both H2O2 [126,127]
and H2S [13,128] produce hyperpolarization of the vascular smooth muscle cells through the activation
of Kv and/or KATP channels in certain vascular beds. Interestingly, in the mesenteric arteries of
SHR, relaxation response to exogenously applied H2O2 is reduced due to an impaired Kv channels
activity [129]. In addition, reduction in endogenous H2S levels and H2S-induced vasorelaxation have
been shown in animal models of hypertension as well as hypertensive patients [130,131]. Whether or
not endothelial Kv and/or KATP channels contribute to the impaired EDH during hypertension in
arteries where H2O2 and/or H2S act as EDHF requires further investigation.

3.5. Ca2+-Activated Chloride Channels (CaCCs)

In addition to their expression in vascular smooth muscle cells, Ca2+-activated Cl− channels
(CaCCs) have been shown to be present in vascular endothelial cells [47]. Because the resting membrane
potential of vascular smooth muscle cells is more negative than the reversal potential for chloride
ion (Cl−), the opening of Cl− channels leads to an efflux of Cl− ions and depolarizes the membrane
potential [132]. The activation of endothelial CaCCs would also evoke membrane depolarization, and
the depolarization could counteract EDH induced by the activation of endothelial SKCa and IKCa

channels because the vascular smooth muscle and endothelial cells behave as an electrical syncytium
due to the presence of gap junctions [133]. Indeed, the effects of CaCCs have been suggested to
counteract those of KCa channels in vascular endothelial cells [134–136].

Several studies identified that the transmembrane member 16A (TMEM16A; also known as Ano1)
protein is a molecular counterpart for CaCCs [137–139]. In arteries of SHR, the TMEM16A expression
level is increased and the systemic blockade of TMEA16A by peripheral administration of a TMEA16A
inhibitor, T16Ainh-A01, reduced blood pressure in this model [140]. In angiotensin II-induced
hypertensive mice, the knockout of endothelial-specific TMEM 16A lowered the systolic blood pressure
and ameliorated endothelial function, whereas the overexpression of endothelial-specific TMEM 16A
elevated the systolic blood pressure and deteriorated endothelial function [141]. These findings suggest
that CaCC TMEM 16A located on the endothelium contributes to the impairment of endothelial
function and thus blood pressure elevation in hypertension.

In mesenteric resistance arteries of SHR, after the blockade of EDH with KCa channel inhibitors,
iontophoresed ACh evoked an endothelium-dependent depolarization through the opening of CaCCs
that was effectively absent in WKY arteries [116]. In that study, the inhibition of the ACh-evoked
depolarization by CaCC inhibitors improved the ACh-induced EDH, suggesting that the upregulation
of endothelial CaCCs at least partly underpins the impaired EDH in the mesenteric arteries of SHR [116]
(Figure 3). Although the molecular identity for the CaCC observed in that study was unknown at
the time [116], the subsequent findings described above strongly suggest that TMEM 16A is the
molecular counterpart for CaCCs in mesenteric arteries of SHR. Thus, the impact of endothelial CaCC
TMEM 16A on altered EDH during hypertension and therefore on blood pressure regulation warrants
further investigation.
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Figure 3. Endothelial ion channels in normotension and hypertension. In normotension, in response
to agonist stimulation of endothelial cells, a rise in intracellular Ca2+ occurs due to the release from
intracellular Ca2+ stores and Ca2+ entry via transient potential vanilloid type 4 channel (TRPV4). A rise
in intracellular Ca2+ subsequently generates endothelium-dependent hyperpolarization (EDH) through
the activation of both small (SKCa) and intermediate conductance (IKCa) Ca2+-activated K+ channels.
In some arteries, K+ released from endothelial KCa channels activates endothelial Kir channels, which
in turn amplifies EDH. EDH spreads to adjacent smooth muscle cells via myoendothelial gap junctions
(MEGJs), resulting in vascular relaxation. In hypertension, alterations of endothelial ion channels
additively reduce EDH; these alterations include downregulation of endothelial SKCa and TRPV4
channels, upregulation of endothelial Ca2+-activated chloride channels (CaCCs), and functional loss of
endothelial Kir channels.

4. Therapeutic Implications

A number of studies (including our group’s) have demonstrated that antihypertensive treatment
improves the impairment of EDH-mediated responses associated with hypertension [41,61,142–147].
As several classes of antihypertensive drugs such as angiotensin-converting enzyme (ACE)
inhibitors [61,142–146], angiotensin II type 1 receptor blockers [144,145,147], angiotensin II
receptor–neprilysin inhibitor [147], and diuretics [143] were effective in improving reduced
EDH-mediated responses associated with hypertension, blood pressure lowering per se appears
to play a crucial role in these improvements. However, the inhibition of renin–angiotensin system
(RAS) by a RAS inhibitor may have an additional benefit against EDH beyond, or in combination with,
blood pressure lowering. Indeed, in the mesenteric arteries of WKY rats, treatment with RAS inhibitors
but not diuretics prevented the age-related decline in EDH-mediated responses despite similar effects
on blood pressure [148,149].

The underlying mechanisms by which antihypertensive treatments improve the reduced
EDH-mediated responses associated with hypertension are currently far from clear. In mesenteric
arteries of SHR, a reduction of blood pressure with enalapril (an ACE inhibitor) augmented EDH with
no significant changes in the endothelial connexin expression or the number of MEGJs, suggesting
that an upregulation of gap junctions was not involved in the restoration of EDH in that study [44].
Several studies have demonstrated that ACE inhibitors restore the impairment of EDH-mediated
responses through the upregulation of SKCa and/or IKCa channels in hypertensive rats [150,151].
In line with these observations, it has been reported that angiotensin II inhibits KCa channels in isolated
vascular smooth muscle cells [152,153].

Another possible explanation is that the improvement of EDH-mediated responses results from
the reduced oxidative stress during antihypertensive treatments. This possibility is based on the
report that oxidative stress impairs both SKCa and IKCa channel functions via a downregulation of
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these two endothelial KCa channels in rat mesenteric arteries [154]. However, caution should be
exercised in generalizing the results of that report [154], because other studies have demonstrated
that EDH-mediated responses are insensitive to oxidative stress in other vascular beds [155,156].
Further studies are needed to determine whether an upregulation of endothelial KCa channels
contributes to the improvement of EDH-mediated responses during antihypertensive treatments, and if
so, to elucidate the mechanisms underlying the regulation of endothelial KCa channels in hypertension.

5. Endothelium-Dependent Hyperpolarization (EDH) in Human Hypertension

As discussed in the preceding paragraphs, EDH-mediated responses are reduced in animal models
of hypertension. However, caution should be exercised in extrapolating data from animals to humans.
Although many studies mentioned above were conducted using SHR strain, it has been suggested that
this strain has significant genetic diversity between laboratories [157]. Such genetic diversity might
cause difference in EDH-mediated responses independently of blood pressure. Caution should also be
taken when interpreting the role of ion channels for EDH in genetically manipulated mice because
the difference in genetic background and genetic compensation could influence the phenotype [158].
Thus, it is of particular importance to gather human data.

Although the contribution of EDH to the regulation of vasomotor tone has been demonstrated
in a number of human arteries [159], only a few studies have investigated the role of EDH in human
hypertension. In patients with essential hypertension, the upregulation of EDH-mediated responses
compensates for the loss of NO to maintain endothelium-dependent vasodilation in the forearm
microcirculation [160,161] and in the small arteries dissected from gluteal biopsies [162].

By contrast, both decreased NO-mediated and decreased EDH-mediated responses
have been reported in the great omental arteries of essential hypertensive patients [163].
Decreased EDH-mediated responses have also been shown in small myometrial arteries from patients
with preeclampsia, a condition in pregnancy characterized by hypertension and proteinuria [164–166].
The compromised myoendothelial communication [165] and/or downregulation of endothelial IKCa

channels due to the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2-derived
superoxide [167] may be, at least in part, associated with impaired EDH-mediated responses in
patients with preeclampsia. Although treatment with ACE inhibitors improved endothelial function
through the upregulation of EDH-mediated responses in the internal thoracic artery of hypertensive
patients [168], the underlying mechanisms of this improvement are not known.

6. Conclusions

Endothelium-dependent hyperpolarization (EDH) and EDH-mediated relaxation are impaired
during prolonged hypertension. Accumulating evidence from animal models of hypertension suggests
that alterations of endothelial ion channels contribute to the impaired EDH-mediated responses during
hypertension. A number of studies have demonstrated that the reduced function and/or expression of
endothelial SKCa channels play a causative role in this impairment. In addition, emerging evidence
reveals that the decrease in EDH-mediated responses in hypertension is accompanied by a loss of
function and/or expression of endothelial TRPV4 channels. The membrane depolarization evoked by
the activation of endothelial CaCCs appears to counteract the hyperpolarizing influence of endothelial
KCa and Kir channels, thereby leading to a reduction in EDH-mediated responses during hypertension.
Thus, it is reasonable to suggest that alterations of these endothelial ion channels could have a
substantial impact on EDH during hypertension.

Although some studies have suggested a causative relationship between oxidative stress and
the loss of endothelial KCa channels, the mechanisms underlying these alterations of endothelial ion
channels during hypertension remain largely unknown. The existence of EDH has been demonstrated
in a number of human arteries. Moreover, EDH-mediated responses are decreased in some but not
all arteries from patients with hypertension. As EDH is a dominant vasodilator in resistance arteries
(that play an important role in blood pressure control), an in-depth understanding of the mechanisms
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that regulate the alteration of endothelial ion channels during hypertension could pave the way for
new treatments for hypertension and related cardiovascular diseases.
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Abbreviations

ACE Angiotensin converting enzyme
ACh Acetylcholine
AKAP150 A-kinase anchoring protein 150
BKCa Large conductance Ca2+-activated K+

CaCC Ca2+-activated Cl− channel
CYP Cytochrome P450
DOCA Deoxycorticosterone acetate
EDH Endothelium-dependent hyperpolarization
EDHF Endothelium-derived hyperpolarizing factor
EETs Epoxyeicosatrienoic acids
eNOS endothelial nitric oxide synthase
GSK GSK1016790A
H2O2 Hydrogen peroxide
H2S Hydrogen sulfide
IKCa Intermediate–conductance Ca2+-activated K+

KATP ATP-sensitive K+

Kir Inward rectifier K+

Kv Voltage-gated K+

L-NAME Nω-nitro-L-arginine
MEGJs Myoendothelial gap junctions
MEPs Myoendothelial projections
NADPH Nicotinamide adenine dinucleotide phosphate
NO Nitric oxide
PKC Protein kinase C
RAS Renin–angiotensin system
SHR Spontaneously hypertensive rats
SHRSP Stroke-prone spontaneously hypertensive rats
SKCa Small-conductance Ca2+-activated K+

TMEM16A Transmembrane member 16A
TRP Transient receptor potential
TRPC3 TRP canonical type 3
TRPV4 TRP vanilloid type 4
WKY Wistar-Kyoto
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