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Elevated levels of cholesterol in the blood can induce endothelial dysfunction, a
condition characterized by impaired nitric oxide production and decreased
vasodilatory capacity. Endothelial dysfunction can promote vascular disease,
such as atherosclerosis, where macrophages accumulate in the vascular intima
and fatty plaques form that impair normal blood flow in conduit arteries. Current
pharmacological strategies to treat atherosclerosis mostly focus on lipid lowering
to prevent high levels of plasma cholesterol that induce endothelial dysfunction
and atherosclerosis. While this approach is effective for most patients with
atherosclerosis, for some, lipid lowering is not enough to reduce their
cardiovascular risk factors associated with atherosclerosis (e.g., hypertension,
cardiac dysfunction, stroke, etc). For such patients, additional strategies
targeted at reducing endothelial dysfunction may be beneficial. One novel
strategy to restore endothelial function and mitigate atherosclerosis risk is to
enhance the activity of Ca®*-activated K* (KCa) channels in the endothelium with
positive gating modulator drugs. Here, we review the mechanism of action of
these small molecules and discuss their ability to improve endothelial function. We
then explore how this strategy could mitigate endothelial dysfunction in the
context of atherosclerosis by examining how KCa modulators can improve
cardiovascular function in other settings, such as aging and type 2 diabetes.
Finally, we consider questions that will need to be addressed to determine
whether KCa channel activation could be used as a long-term add-on to lipid
lowering to augment atherosclerosis treatment, particularly in patients where
lipid-lowering is not adequate to improve their cardiovascular health.
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Introduction

Cardiovascular diseases (CVDs) are the leading cause of death worldwide and account
for approximately 31% of global deaths (World Health Organization, 2021). A major risk
factor for CVD is atherosclerosis, a condition that begins when the levels of low-density
lipoprotein cholesterol (LDL-C) in the blood exceed the physiological range resulting in fatty
plaque formation on the luminal surface of conduit arteries that impedes blood flow (Libby
et al., 2019). CVDs associated with atherosclerosis are called atherosclerotic cardiovascular
disease (ASCVD) events and commonly include coronary heart disease (CHD), stroke, and
peripheral arterial disease (Stone et al., 2014). Atherosclerosis consists of three phases:
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initiation, progression, and complications (Libby et al., 2019). The
mechanisms behind these phases have been extensively studied to
understand how atherosclerosis occurs and how these mechanisms
can be modified via treatments to mitigate atherosclerosis.

Major factors contributing to atherosclerosis initiation
include high levels of LDL-C particles circulating in the blood
that pass through the luminal endothelial cell (EC) monolayer to
enter the intima of the arterial wall (Libby et al., 2019) and the
interactions between endothelial cells and hemodynamic shear
stress (Davies, 2009; Chiu and Chien, 2011). LDL-C particles can
undergo a variety of oxidative modifications induced by reactive
oxygen species (ROS), resulting in oxidized LDL-C (oxLDL-C)
particles (Hansson and Hermansson, 2011). The oxLDL-C can
then interact with ECs to induce endothelial dysfunction, a
condition characterized by impaired vasodilatory capacity and
an overexpression of cellular adhesion molecules (Hadi et al.,
2005; Pirillo et al., 2013), such as intercellular adhesion molecule
1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)
which promote recruitment of circulating monocytes to the
1991; Nakashima
et al,, 1998). Furthermore, the endothelium can also bind

endothelium (Cybulsky and Gimbrone,

circulating platelets that express adhesion molecules such as
P-selectin to recruit more monocytes to the endothelium
1998; Schulz and Massberg, 2012). The
recruited monocytes then extravasate through the endothelium

(Kuijper et al,

to infiltrate the intimal layer of the vascular wall (Gisterd and
Hansson, 2017). Within the intima, factors secreted by the
dysfunctional ECs, including macrophage-colony stimulating
(M-CSF) and granulocyte-macrophage
stimulating factor (GM-CSF), induce the monocytes to
differentiate into macrophages (Gistera and Hansson, 2017),

factor colony-

which then take up oxLDL-C molecules via scavenger
receptors, transforming the macrophages into foam cells
(Gistera and Hansson, 2017; Libby et al., 2019). Once present
in the intimal layer of the arterial wall, macrophages can also
proliferate independently of monocyte extravasation to increase
the size of the fatty plaque (Robbins et al., 2013).
Hemodynamic shear stress is an important regulator of
endothelial function and is generated by the unidirectional
flow of blood along the luminal surface of the endothelium
(Davies, 2009; Chiu and Chien, 2011). Mechanotransduction
pathways in the endothelium transform this mechanical force
into biochemical, signal transduction events that regulate
endothelial gene transcription and protein expression, thereby
shaping the cellular phenotype of the endothelium (Davis et al.,
2023). Decreased shear stress, due to low vs. high blood flow,
oscillatory/disturbed vs. laminar blood flow, at focal sites within
the arterial tree, such as bifurcations, arterial branches, sites of
arterial narrowing (e.g., stenosis) and curvatures, contribute
directly to atherogenesis (Chiu and Chien, 2011; Davies et al.,
2013; Zhou et al., 2014). This conclusion is supported by the non-
randomized pattern of atherosclerotic plaque formation observed
in vivo (Pedersen et al., 1999; Cheng et al., 2006). Whereas
to high
production of endothelium-derived vaso-protective factors,

moderate laminar shear stress promotes the
such as nitric oxide and prostacyclin, prolonged exposure to
low or oscillatory blood flow can impair vascular function and

health through mis-orientation of endothelial cell patterning,
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increased endothelial barrier permeability and oxidative stress,
and elevated expression of pro-inflammatory genes in the
endothelium (Davies et al., 2013; He et al,, 2022). High and
low shear stress thus have anti- and pro-atherogenic effects,
respectively, and detailed
descriptions of the signal transduction pathways underlying

on the vascular endothelium,

these processes are available (Davies et al., 2013; He et al., 2022).

Once initiated, sites of atherosclerosis progress as foam cells
accumulate in the intimal region of the arterial wall to form a
fatty plaque or atherosclerotic lesion that bulges into the vascular
lumen (Libby et al., 2019). Additionally, mature, contractile
vascular smooth muscle cells (VSMCs) dedifferentiate and
adopt non-contractile, proliferative phenotypes during
atherosclerosis progression (Grootaert and Bennett, 2021).
Several of these dedifferentiated phenotypes aggravate the
plaque, such as the hyperplastic VSMCs that enlarge the fatty
plaque (Grootaert and Bennett, 2021) and the foam cell-like
VSMCs that take up oxLDL-C particles and promote plaque
instability (Allahverdian et al., 2014; Wang et al., 2019). The
growing fatty plaque decreases the luminal cross-sectional area,
which inhibits proper blood flow through the artery (Libby et al.,

2019). The events driving the initiation and progression of

atherosclerosis can take decades before CVDs of
atherosclerotic origin become apparent (Libby et al., 2019).
Additionally, complications can occur when overt

atherosclerosis has progressed for several years. One of these
complications is plaque rupture, a condition in which the plaque
bursts and contents such as tissue factors are released into the
vascular lumen, leading to the formation of blood clots that can
trigger acute events like myocardial infarction or ischemic stroke
(Wilcox et al., 1989; Libby, 2013). The major steps of
atherosclerosis initiation and progression are summarized in
Figure 1.

Atherosclerosis is also characterized by impaired arterial
vasodilatory capacity, a hallmark feature of endothelial
dysfunction (Davignon and Ganz, 2004). The endogenous
muscarinic receptor agonist acetylcholine (ACh) normally
induces vasodilation in healthy arteries by acting on the
endothelium, but in early and advanced atherosclerotic
arteries from rodents (e.g., aorta), the vasodilatory response to
ACh is largely blunted (Crauwels et al., 2003; d’Uscio et al., 2001;
Lefer et al., 1987), whereas in humans with atherosclerosis, ACh
can evoke constriction in the coronary circulation (Ludmer et al.,
1986). The latter observation is often used as a clinical biomarker
of endothelial dysfunction (Bairey Merz et al., 2020). In addition
to the overexpression of EC adhesion molecules, endothelial
dysfunction is also characterized by a decreased bioavailability
of the vasodilatory substance nitric oxide (NO) (Davignon and
Ganz, 2004; Hadi et al., 2005). NO protects the arterial wall from
events that initiate atherosclerosis by inhibiting endothelial
expression of adhesion molecules that bind monocytes (De
Caterina et al., 1995), opposing the proliferation of VSMCs
(Jeremy et al, 1999), preventing platelet activation and
aggregation (Riddell and Owen, 1999), and decreasing the
levels of ROS that oxidize LDL-C molecules (Violi et al,
1999). Therefore, conditions that increase endothelial NO
production may mitigate endothelial dysfunction and reduce
the initiation and/or progression of atherosclerosis.
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FIGURE 1

Initiation and progression stages of atherosclerosis, and the effects of KCa channel facilitation on these processes. 1) High levels of circulating low-
density lipoprotein cholesterol (LDL-C) in the blood pass through the endothelium and enter the arterial intima. There, the LDL-C undergoes oxidation by
reactive oxygen species (ROS), leading to oxidized LDL-C (oxLDL-C). The oxLDL-C can induce dysfunction of the endothelium, which manifests as
structural and functional changes to the endothelial cells, such as an increased expression of adhesion molecules like ICAM-1 and VCAM-1. 2)
Endothelial dysfunction promotes the recruitment of platelets and monocytes to the endothelium, and the monocytes then extravasate through the
endothelium to enter the intima. 3) There, cytokines secreted by the dysfunctional endothelium (e.g., M-CSF, GM-CSF) induce the differentiation of
monocytes into macrophages. Macrophages in the intima secrete cytokines such as MCP-1 that recruit more monocytes to the endothelium and thus
promote a cyclical process that increases the number of macrophages in the intima. 4) Macrophages take up oxLDL-C via scavenger receptors and
become foam cells. Concurrently, contractile smooth muscle cells (SMCs) dedifferentiate and become proliferative SMCs and SMC-derived foam cells.
The continuing proliferation of foam cells and other SMC-derived cell types contributes to atherosclerotic fatty plaque formation. The red minus signs
indicate processes that would be inhibited by KCa channel facilitation and oppose atherosclerosis, including decreasing ROS levels in the intima,
inhibiting adhesion molecule expression by the endothelium, inhibiting platelet/monocyte recruitment to the endothelium, and inhibiting SMC
phenotype change and proliferation. The green plus sign indicates that healthy endothelial function would be promoted by KCa channel facilitation, and
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the molecular mechanisms behind this effect are highlighted in Figure 2. This figure was created with www.BioRender.com.

Current pharmacological treatments
for atherosclerosis focus on lipid
lowering

Currently, the most common therapeutic treatment for
atherosclerosis is a class of drugs called statins (Libby et al,
2019). Statins inhibit the 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) reductase enzyme which catalyzes the rate-limiting
step of LDL-C synthesis in hepatocytes (Endo, 1992). Statin
treatment decreases LDL-C levels in the blood and mitigates
atherosclerosis development (Libby et al., 2019). For this reason,
guidelines such as those from the American College of Cardiology/
American Heart Association (Stone et al., 2014; Grundy et al., 2019)
and the European Society of Cardiology (Mach et al., 2019) stress the
importance of lipid lowering via statin drugs for individuals with
CVDs or with a high risk of developing CVDs. While statins are
effective and safe for most patients with atherosclerotic disease
(Collins et al., 2016), these drugs may not be adequate to control
atherosclerosis development in some patients. For example,
individuals with familial hypercholesterolemia (a condition in
which LDL-C endocytosis by the liver is impaired) have very
high circulating LDL-C levels even with statin treatment and so
they may benefit from an additional treatment to mitigate their
elevated CVD risk (Bouhairie and Goldberg, 2015; Libby et al.,
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2019). For example, a combination treatment consisting of statins
alongside other lipid-lowering drugs such as inhibitors of proprotein
convertase subtilisin/kexin type 9 (PCSK9) may help patients reach
their desired LDL-C levels (Grundy et al., 2019; Lloyd-Jones et al.,
2022). Another condition that complicates lipid lowering is statin
intolerance, which occurs when patients on statins are unable to
tolerate their statin type and/or its dosage and stop taking the
medication (Fitchett et al., 2015). Potential side-effects associated
with statin therapy include muscle pain or myopathy (the most
commonly reported symptom), elevated blood glucose, increased
plasma liver enzymes and nephropathy, which can be verified
diagnostically through detection of elevated plasma levels of
creatine kinase and myoglobin (associated with skeletal muscle
damage) or liver transaminases (e.g., AST and ALT) (Ward et al,,
2019). While the frequency of such events in statin-treated patients
appears to be low (<0.1%) (Newman et al., 2019), patient non-
compliance with statin therapy can reach up to 10% (as reported in
observational studies) and may reflect expected or perceived
harmful effects of the drugs (i.e., nocebo effect) (Wood et al,
2020; Herrett et al., 2021). To mitigate side-effects, some statin
intolerant patients may benefit from using a non-statin drug (e.g.,
ezetimibe to reduce cholesterol absorption in the GI tract) in
addition to low-dose statin treatment that would decrease
detectable tissue damage (Fitchett et al, 2015). This unmet
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clinical need thus represents an opportunity to identify novel
therapeutic strategies that either could substitute for statins or be
combined with conventional statin therapy.

Although lipid lowering is a crucial strategy for mitigating
atherosclerosis development (Stone et al, 2014; Grundy et al,
2019; Mach et al, 2019), it should also be noted that high LDL-
C levels induce endothelial damage that promotes atherosclerosis
(Hadi et al, 2005). For this reason, exploring mechanisms that
mitigate endothelial dysfunction in atherosclerosis would also prove
beneficial. Earlier studies have shown that statins can decrease CVD
risk by improving endothelial function, independent of their lipid-
lowering capability (Wolfrum et al., 2003; Ii and Losordo, 2007).
This pleiotropic action implies that it may be advantageous to
explore additional strategies that improve endothelial function to
mitigate atherosclerosis. Recent studies from our group have shown
that pharmacological enhancement of endothelial Ca**-activated K*
(KCa) channel activity reverses endothelial dysfunction in the
settings of aging (John et al.,, 2020) and type 2 diabetes (Mishra
et al, 2021), raising the possibility that a similar strategy may
that function in

promote mechanisms restore endothelial

atherosclerotic arteries.

KCa channels: A new target for
atherosclerosis mitigation?

Work on Ca**-activated K* (KCa) channels began in the late
1950s when G. Gardos showed that the K* efflux underlying volume
regulation in erythrocytes required external Ca®* influx (Gardos,
1958). Since then, three main families of KCa channels have been
discovered and their characteristics thoroughly analyzed. KCa
channels were originally classified based on their single channel
conductance: small-conductance (SK¢,, ~4-14 pS), intermediate-
conductance (IKg,, ~20-80pS), and big-conductance (BKc,,
~250 pS) (Vergara et al,, 1998). Within each of these three main
families exist channel subtypes that are encoded by separate genes.
The SK¢, family contains three subtypes (KCa2.1, 2.2, and 2.3), and
the IK¢, family contains only a single member (KCa3.1), as does the
BKc, channel family (KCal.l) (Wei et al., 2005; Salkoff et al., 2006;
Kaczmarek et al., 2017; Kshatri et al.,, 2018). The KCa2.X and
KCa3.1 channels are often grouped together because they share
considerable primary sequence similarity, but are distantly related to
the KCal.1 channel (Wei et al., 2005). The structure and function of
these channels reflect this lineage. For example, the KCa2.X and
KCa3.1 channels are voltage independent (Hirschberg et al., 1999;
Kshatri et al.,, 2018), and bind calcium via a C-terminal-bound
calmodulin (CaM) subunit, which induces the conformational
change necessary to open the K" channel pore (Xia et al, 1998;
Fanger et al., 1999; Lee and MacKinnon, 2018). On the other hand,
KCal.l channels are activated by changes in either membrane
voltage or by direct C-terminal Ca*" binding, without the need
for calmodulin (Horrigan and Aldrich, 2002; Latorre et al., 2017).
KCa channels are expressed in a variety of cell types. Both
KCa2.3 and KCa3.1 are prominently expressed in the vascular
endothelium in humans as well as other animals (Kohler et al.,
2016). KCa3.1 channels are also expressed in hematopoietic stem
cell (HSC)-derived cells including macrophages, erythrocytes, T
lymphocytes, and dedifferentiated, proliferative smooth muscle
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cells (Schmid-Antomarchi et al, 1997; Neylon et al, 1999
Ghanshani et al., 2000; Wulff and Castle, 2010; Feske et al.,
2015). In addition to vascular endothelium, KCa2.X channels are
found in the brain and cardiac atria (Kohler et al., 1996; Xu et al,,
2003). KCal.l channel expression is readily observed in many
smooth muscle-containing tissues (e.g., vasculature, GI tract,
lungs, bladder, uterus, etc.), neurons, and the kidneys, with lower
levels in skeletal muscle and endocrine and exocrine glands (Chang
et al.,, 1997; Contreras et al., 2013).

KCa channels have received attention because modifying their
activity may help to mitigate some CVDs including atherosclerosis
(John et al., 2018). For instance, systemic administration of a
blocker of KCa3.1 resulted in
decreased aortic fatty plaque formation and increased fatty
plaque stability in atherosclerotic mice (Toyama et al., 2008; Xu
etal, 2017; Tharp and Bowles, 2021; Jiang et al., 2022). Conversely, it
has also been shown that enhancing the activity of KCa2.X and

pharmacological channels

KCa3.1 channels improved endothelial function in rodent models of
aging (John et al,, 2020) and type 2 diabetes (Mishra et al., 2021),
suggesting that the same may occur in atherosclerotic endothelial
dysfunction. The potential benefits of strategies that either inhibit or
enhance KCa channel activity at an integrative level are discussed
below.

KCa channel inhibition for
atherosclerosis mitigation

Previous studies have reported that KCa3.1 channel blockers can
inhibit VSMC proliferation (Koéhler et al., 2003) and ROS
production by macrophages (Schmid-Antomarchi et al, 1997).
Since both VSMC proliferation and ROS production promote
atherosclerosis (Libby et al., 2019), blocking KCa3.1 channels in
macrophages and VSMCs could be a way to decrease fatty plaque
burden in atherosclerosis. Toyama and others (2008) tested this idea
by administering TRAM-34, a selective KCa3.1 channel blocker, to
Apoe—/— atherosclerotic mice. After treating the mice over 12 weeks
daily with TRAM-34, the authors found a significant decrease in
fatty plaque area throughout the aorta, especially in the aortic arch,
thoracic aorta, and abdominal aorta. Additionally, the authors
showed a significant decrease in macrophage-positive area and
VSMC-positive area in the plaques of treated mice compared to
control, both indications that the plaque was less severe due to a
decrease in these cell numbers (Toyama et al., 2008). There was also
a reduction in T cell infiltration into the plaques. Since blocking
KCa3.1 channels may conceivably decrease the number and/or
function of immune cells such as macrophages and T cells, the
authors also tested whether KCa3.1 inhibition with TRAM-34 would
delay clearance of influenza virus in rats. TRAM-34 at a therapeutic
dose did not reduce viral clearance, while the positive control
dexamethasone significantly prolonged viral infections. This
result, in conjunction with a normal immune cell count in the
spleen and thymus, suggests that systemic KCa3.1 channel blockade
may not have major adverse effects on immune system function
(Toyama et al., 2008). Finally, to better characterize the makeup of
the macrophages present in plaques, Xu and others (2017)
determined whether KCa3.1 channel blockade impacts the
expression of M1 or M2 markers in plaque macrophages. Based
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on a characterization that has been widely criticized as overly
simplistic (Murray et al., 2014; Nahrendorf and Swirski, 2016),
but which is useful for therapeutic hypothesis generation, “M1-
like” macrophages are pro-inflammatory, whereas “M2-like”
macrophages are assumed to display mostly anti-inflammatory
properties and promote wound healing (Murray and Wynn,
2011). Xu and others (2017) found that TRAM-34 treatment
promoted the polarization of plaque macrophages towards the
more anti-inflammatory M2 phenotype, suggesting that systemic
administration of a KCa3.1 channel inhibitor can also decrease the
number of macrophages that induce inflammation and worsen
atherosclerosis.

Although these results indicate that KCa3.1 channel inhibition
may help to decrease atherosclerotic plaque formation, some
outstanding  questions  remain.  For  instance,  since
KCa3.1 channels are expressed in both innate and adaptive
immune cells (Wulff and Castle, 2010; Feske et al., 2015), there
may be a risk that this inhibitory strategy could impair the optimal
functioning of the immune system, especially with long-term
KCa3.1 channel blockade. However, clinical trials examining
administration of the KCa3.1 channel blocker senicapoc (ICA-
17043) to patients with sickle cell disease for 1year reported a
small increase in the incidence of urinary tract infections, but
otherwise gave no indication of clinically significant
immunosuppression (Ataga et al, 2011). Another potential
concern is whether KCa3.1 channel inhibition may have adverse
effects on cell types other than immune cells or VSMCs. Since
KCa3.1 channels are also expressed in the vascular endothelium and
contribute to vasodilatory signaling (Kohler et al., 2016), a logical
question that arises is whether these endothelial channels are
blocked too, and if so, whether this blocking would adversely
affect endothelial function. Toyama and others (2008) did not
directly test endothelial function after TRAM-34 treatment, and
so the possibility for impaired endothelial function cannot be ruled
out. TRAM-34 itself cannot be tested in humans because of its poor
oral bioavailability (Al-Ghananeem et al, 2010) and lack of an
Investigational New Drug Application (IND) from the US Food and
Drug Administration allowing administration to humans. However,
it should be possible to conduct studies in patients with
atherosclerosis using senicapoc (ICA-17043), another potent
KCa3.1 channel blocker with a half-life of ~12 days in humans
(Ataga et al,, 2006). Senicapoc has been tested successfully in Phase I,
11, and III clinical trials for sickle cell disease and has exhibited a
remarkable safety profile (Ataga et al., 2006; 2011; 2008). While
KCa3.1 channel blockade may inhibit detrimental macrophage and
VSMC functions that contribute to atherosclerosis, additional
studies are warranted to examine whether KCa3.l channel
inhibitors can mitigate atherosclerosis without adversely affecting
endothelial function.

Enhancement of KCa channel activity
for atherosclerosis mitigation

As previously stated, proper endothelial function is necessary for
health. The
endothelium contributes to vasodilation via two important

maintaining vasodilation and good vascular

mechanisms: 1) the nitric oxide (NO) pathway and 2) the
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(EDH)
(Shimokawa and Godo, 2016). Vasodilatory agonists such as
acetylcholine (ACh) and bradykinin (BK) stimulate endothelial
G-protein-coupled receptors (GPCRs) complexed with Gag,

endothelium-derived ~ hyperpolarization pathway

leading to the generation of IP; that promotes Ca®* release from
the endoplasmic reticulum (ER). This released Ca®* can then activate
CaM-bound endothelial nitric oxide synthase (eNOS) to produce
NO that will diffuse to adjacent VSMCs to activate guanylyl cyclase
and induce vasodilation (Davignon and Ganz, 2004). The Ca**
released from the ER can also activate CaM bound to the
C-terminal domain of KCa2.X/KCa3.1 channels to induce their
pore opening and subsequent K efflux (Kohler et al, 2016;
2017). KCa3.1
myoendothelial projections at the interface of the endothelium
and smooth muscle layer are also activated by Ca®* influx

Vanhoutte et al, channels present within

through co-localized TRPV4 channels, which themselves are
Ca’*-sensitive and can be stimulated by IP;-mediated ER Ca**
release, leading to amplified KCa3.1 channel activation (Chen
and Sonkusare, 2020). The K* efflux produced by this collective
KCa activity
hyperpolarization (EDH), an electrical signal that transfers

channel results in  endothelium-derived
electrotonically to VSMCs via myoendothelial gap junctions
(MEGJs) to induce hyperpolarization, decreased opening of
voltage-gated Ca®* channels and a reduction in the level of
intracellular Ca®>* for VSMC contraction (Garland et al,, 2011;
Billaud et al., 2014; Jackson, 2022). In large conduit arteries such
as the aorta, vasodilation is mostly NO driven, whereas in the
smaller resistance arteries, vasodilation is more dependent upon
EDH (Shimokawa and Godo, 2016). The NO and EDH mechanisms
of endothelial-derived vasodilation are summarized in Figure 2.

It is well documented that vessels exhibiting endothelial
dysfunction produce insufficient amounts of NO (Hadi et al,
2005), and so a novel way to mitigate atherosclerosis could be to
promote NO production by enhancing endothelial KCa channel
activity (see Figure 2). Positive KCa2.X/KCa3.1 channel gating
modulator drugs, such as NS309, enhance the stability of the
channel’s open conformation that is induced by Ca**-CaM
binding (Brown et al., 2017). It is important to clarify that these
positive-gating modulator drugs do not activate the KCa channels
per se; rather, they stabilize the open conformation induced by Ca®'-
CaM binding. From a biophysical perspective, these positive
modulators shift the concentration-response curve for KCa2.X/
KCa3.1 channel opening by cytosolic Ca’* in the leftward
direction, such that the ECs, for cytosolic Ca®* becomes
progressively lower with increasing amounts of the positive
modulator (Kohler et al., 2016). Thus, positive-gating modulator
drugs sensitize KCa channels to Ca** such that a greater electrical
response will be generated at a given concentration of cytosolic Ca*.
Experimentally, positive modulators of KCa2.X/KCa3.1 channels
evoke concentration-dependent dilation of myogenically active
resistance arteries (Sheng et al., 2009; Mishra et al, 2015),
implying that these compounds “facilitate” endothelial KCa
channel opening under physiologically relevant levels of cytosolic
free Ca®". Enhanced KCa channel activity and resulting endothelial
hyperpolarization would then augment endothelium-dependent
vasodilation by promoting the cellular events underlying this
process; 1) external Ca®* entry may be increased by the greater
electrical driving force, thereby supporting downstream vasodilatory
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FIGURE 2
KCa channel positive modulators promote endothelium-dependent vasod

ilatory signaling. Vasodilatory agonists in the vascular lumen, such as

acetylcholine (ACh) bind to their cognate endothelial G-protein coupled receptor (GPCR), which initiates a series of cascading events that results in Ca®*
release from the endoplasmic reticulum (ER). Ca®* released from the ER can activate endothelial nitric oxide synthase (eNOS) to produce the potent
vasodilator nitric oxide (NO). Additionally, the released Ca®* can activate Ca®*-activated K* (KCa) channels that induce endothelium-derived
hyperpolarization (EDH). 1) This electrical signal transfers to the smooth muscle cells via myoendothelial gap junctions (MEGJs) located within a
myoendothelial projection (MEP) to inhibit Ca®* entry via voltage-gated calcium channels (VGCCs). Reduced Ca?* entry into the smooth muscle cell limits
myosin phosphorylation by Ca?*-dependent myosin light chain kinase (MLCK), and the subsequent level of muscle contraction. 2) In addition to EDH-
induced vasorelaxation, EDH increases the electrical driving force to promote external Ca** entry into the endothelial cell via Ca®* permeable channels
activated in response to a vasodilatory stimulus (e.g., Ca**-release activated Ca** (CRAC) channels, TRPC3, TRPC4, TRPC6, TRPV1 and TRPV4 channels
present in peripheral arteries, such as the aorta). This elevation of Ca®* in the cytosol and beneath the plasma membrane can promote Ca?*-dependent
vasodilatory signaling, such as NO production by eNOS and KCa channel activity. NO readily diffuses to the adjacent smooth muscle to induce relaxation
via the cGMP/Protein Kinase G (PKG) pathway. A selective KCa2.X/KCa3.1 positive modulator (e.g., SKA-31) can facilitate the activity of endothelial KCa2.X/
KCa3.1 channels, which would enhance EDH and NO production to promote vascular relaxation and healthy endothelial function. The green plus signs
highlight mechanisms contributing to endothelium-dependent vasodilation that would be enhanced by KCa channel facilitation. This figure was adapted

from CM John et al. (2018) and created with www.BioRender.com.

signaling, 2) augmented Ca®* mobilization will stimulate Ca*'-
dependent eNOS activity to increase NO biosynthesis, and 3)
enhanced endothelial KCa channel activity will increase the
direct transfer of hyperpolarizing electrical signals to the adjacent
When administered at a low or threshold
concentration, a KCa channel positive modulator would be

smooth muscle.

expected to have minimal effect on cell function under a basal or
resting level of cytosolic Ca®*, but could substantially augment
endothelial KCa channel activity in response to the cytosolic Ca**
elevation evoked by a primary stimulus (e.g., vasodilatory agonist,
shear stress, etc.). It may therefore be appropriate to think of these
compounds as “facilitator drugs”.
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The use of positive ion channel modulators as therapeutic agents
is already established and one of the best studied examples is that of
benzodiazepines (BZs), a class of drugs used clinically in the
treatment of anxiety, panic attacks, insomnia, and as pre-
anesthetic agents (Edinoff et al., 2021). BZs bind to the a/y
subunit interface of ionotropic GABA, receptors in the central
nervous system and allosterically facilitate channel opening/Cl”
influx in response to local GABA release (Sigel and Ernst, 2018).
At low, therapeutic concentrations, BZs act as positive allosteric
modulators to augment naturally inhibitory
neurotransmission in the brain that acts to dampen excitatory

neural pathways (Macdonald and Olsen, 1994; Olsen, 2018).

occurring,
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Thus, BZs provide a clear precedent and rationale for how agonistic
agents that facilitate the activity of key molecules can be used to
strengthen intrinsic signaling pathways and boost functional
outcomes. The therapeutic success of BZs and their mechanism
of action suggests that drug-induced facilitation of Ca®*-dependent
KCa channel activity in the vascular endothelium could also be
beneficial in the appropriate setting. However, the similarity in
mechanism of action to BZs also raises the question of whether
there is any type of activity or drug induced downregulation of KCa
channels. While BZs are highly effective in treating anxiety, the
phenomenon of “benzodiazepine resistance” occurring after
prolonged seizure activity is widely known in the epilepsy field
and is typically explained by internalization of synaptic GABA,
receptors (Vinkers and Olivier, 2012). BZs are therefore only used
for acute seizure termination but not for the prevention of seizures.
Whereas it might be possible that a similar tolerance develops
against KCa channel activators, we have not observed such a
phenomenon in the vasculature. In small mesenteric arteries
isolated from aged male rats treated daily with the KCa channel
activator SKA-31 for 8 weeks, endothelium-dependent vasodilation
evoked by either acetylcholine or bradykinin was modestly
enhanced vs. vehicle-treated animals (John et al, 2020). In
parallel, KCa2.3 and KCa3.1 channel protein expression in
mesenteric arteries was not downregulated compared with aged
control rats, but was in fact elevated to the levels observed in young
adult rats (John et al., 2020). Collectively, these observations suggest
that prolonged treatment with a low dosage of the KCa channel
activator SKA-31 does not induce tolerance-like effects in the
mesenteric vasculature of aged rodents.

In initial proof-of-concept studies, our group showed that
modulators of endothelial KCa channel activity
upregulate both the NO and EDH pathways of vasodilation.

positive

Using cultured human umbilical vein endothelial cells, we
observed that acute treatment (1-3 min) with NS309 and
DCEBIO (KCa2.X/KCa3.1 channel positive-gating modulators)
increased agonist-evoked EDH, thereby boosting the electrical
driving force to facilitate Ca** entry into the endothelial cell
(Sheng et al,, 2009). The likely influx pathways contributing to
this Ca** entry include Ca**-release activated Ca*>* (CRAC) channels
(Abdullaev et al., 2008; Ruhle and Trebak, 2013), along with various
types of transient receptor potential (TRP) cation channels
expressed in the endothelium of different vascular beds, such as
TRPC3, TRPC4, TRPC6, TRPV1, TRPV3, TRPV4 and TRPAl
(Earley and Brayden, 2015; Jackson, 2022). This Ca®" influx
would be expected to support activation of eNOS to generate
NO, which enhances endothelial function (Lin et al., 2000; Sheng
et al, 2009). Based on such observations, we and others have
speculated that facilitation of endothelial KCa channel activity
will improve endothelial function (Kerr et al., 2012; Khaddaj-
Mallat et al., 2017), and conceivably mitigate the development
and/or severity of atherosclerosis.

While the proposed mechanism is intriguing (Figure 2),
NS309 and DCEBIO are not well suited for in vivo studies, as
both compounds may have off-target effects and short plasma half-
lives (Kohler et al., 2016). To address these issues, Wulff and others
synthesized a novel series of KCa2.X/KCa3.1 channel positive
modulators, including SKA-31, using the neuroprotective agent
riluzole as a chemical scaffold, with the goal of generating
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compounds that were more selective and better suited for in vivo
use (Sankaranarayanan et al, 2009). Unlike previous KCa2.X/
KCa3.1 positive-gating modulators, SKA-31 exhibits an ECsy of
~0.3 uM and ~2 pM for KCa3.1 and KCa2.3 channels respectively,
has a plasma half-life of ~12 h in mice and rats, and has fewer oft-
target effects and is more selective for KCa2.X/KCa3.1 than other
small molecule channel modulators (Sankaranarayanan et al., 2009).

Results from studies discussed above suggest that KCa channel
positive gating modulators, such as SKA-31, may be able to mitigate
atherosclerosis via endothelium-dependent mechanisms. Our group
has shown that SKA-31 increases blood flow in the rat coronary
circulation (Mishra et al, 2013), inhibits myogenic tone in the
cremaster skeletal muscle and cerebral arteries of rats (Mishra
et al,, 2015), and increases peripheral arterial conductance in the
pig (Mishra et al., 2016). Proper endothelial function is necessary for
sufficient vasodilation (Sandoo et al., 2010), and so the vasoactive
effects that we and other investigators have reported for endothelial
KCa channel modulators suggest that facilitation of KCa2.X/
KCa3.1 channel activity may promote endothelial function. We
have also observed that SKA-31 can restore endothelial function
in situations where endothelial dysfunction is present. For instance,
we have shown that SKA-31 administration for 8 weeks improved
endothelium-dependent vasodilation in the mesenteric arteries of
aged rats (i.e., ~20 months old) to a level similar to that observed in
young rats (John et al, 2020). This long-term administration of
SKA-31 also modestly increased the protein expression of KCa2.3/
KCa3.1 channels along with type 1 IP3 receptor and SERCA2 in
small mesenteric arteries from aged male rats (John et al., 2020).
Additionally, we have observed that acute treatment with a low
concentration of SKA-31 (i.e., 0.3 pM) significantly improved the
endothelium-dependent vasodilatory responses to acetylcholine and
bradykinin in myogenically active cremaster skeletal muscle
resistance arteries from a rat model of spontaneous type
2 diabetes (T2D), and also in isolated intra-thoracic resistance
arteries from human T2D subjects (Mishra et al., 2021). This
latter result is particularly interesting, as these observations
indicate that human arteries remain sensitive to KCa channel
facilitation by a positive modulator even after many years of T2D
diagnosis and management. Acute SKA-31 treatment also enhanced
endothelium-dependent vasodilation in arteries from older, non-
T2D subjects (i.e., mean age of 71 years) (Mishra et al., 2021), and
since aging is known to promote endothelial dysfunction (Donato
et al,, 2018; Ungvari et al,, 2018), aged human resistance arteries
responded to KCa channel facilitation similarly to what we
previously reported in aged rat arteries (John et al., 2020).

In addition to their endothelium-dependent mechanisms, KCa
channel positive modulators may also have the potential to mitigate
atherosclerosis in an endothelium-independent manner. As
reported by Bi and others (2013), treatment of serum-starved
and quiescent human coronary VMSCs in culture with SKA-31
or other KCa channel activator compounds (e.g., EBIO, NS309)
unexpectedly inhibited the transition of these cells from a contractile
to a dedifferentiated phenotype and decreased their proliferation in
response to mitogenic stimulation by PDGF. At the cellular level,
KCa channel activators reduced the expression of KCa3.1 channels,
PDGF p-receptors, CREB phosphorylation, c-Fos and cell cycle
regulatory cyclins in VSMCs (Bi et al, 2013). These observed
changes were accompanied by a reduction in KCa3.1 mRNA
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levels and KCa3.1 macroscopic conductance, as measured by whole-
cell patch-clamp, demonstrating reduced KCa3.1 channel activity.
In parallel experiments, pharmacological inhibition of VSMC
KCa3.1 activity by TRAM-34 or knock-down of KCa3.1 channel
expression by siRNA treatment prevented PDGF-stimulated VSMC
dedifferentiation and  proliferation, and also  decreased
KCa3.1 mRNA and whole cell current density. These latter
effects resulting from KCa3.1 channel inhibition align with
observations described in earlier studies using isolated VSMCs
and arterial tissue (Kohler et al., 2003; Toyama et al., 2008).
Although it seems somewhat paradoxical that two opposing
classes of KCa channel compounds (i.e., KCa3.l channel
activators and inhibitors) can produce similar suppression of
VSMC proliferation, these provocative data highlight the
potential for differential responses of vascular smooth muscle vs.
endothelium to KCa channel activators. It is tempting to speculate
that the observed effects of KCa channel activators on VSMCs
during phenotypic switching may reflect different responses of
membrane potential and Ca** signaling pathways to KCa
activators in VSMCs vs. endothelial cells. Going forward, it will
be important to discern how KCa channel inhibitors and activators
act on VSMCs in the medial layer of arteries once growth/
proliferation is triggered. Finally, in addition to SKA-31’s
effect by VSMC
dedifferentiation and proliferation, SKA-31-mediated facilitation

proposed  anti-atherogenic inhibiting
of platelet KCa3.1 channels has recently been shown to decrease
platelet aggregation and adhesion (Back et al., 2022), and such anti-
thrombotic actions would also be anticipated to oppose
atherogenesis.

Since, as mentioned above, KCa3.1 channel inhibition has been
shown to decrease atherosclerosis development in Apoe—/— mice,
KCa3.1 blockers and KCa3.1 activators ideally should be compared
side-by-side in the same animal experiment and in the same
environment in order to determine whether both approaches
indeed have therapeutic benefits and whether one approach is
superior to the other. Based on the reported observations, we
predict that KCa channel activators will prove effective in the
reduction of atherosclerosis-associated vascular dysfunction.

Studies thus far suggest that facilitation of KCa2X/
KCa3.1 activity in vivo by a positive modulator is free from
major adverse effects, but more work will be necessary to
determine whether this strategy could have unwanted effects in
the setting of atherosclerosis. One concern with the in vivo use of
KCa channel positive modulators is the possible modification of
immune cell numbers and/or activation. KCa3.1 channels are
expressed in immune cells such as T lymphocytes, B cells, and
macrophages (Feske et al., 2015), and for this reason, our group
investigated whether prolonged SKA-31 administration modified
T cell numbers and their products, including pro-inflammatory
cytokines (John et al., 2020). We found that SKA-31 treatment for
8 weeks in aged rats did not significantly change several sub-
populations of adaptive immune cells including CD4" and CD8"
T cells, B cells, and NK cells when compared with vehicle-treated
aged rats (John et al, 2020). We also found that prolonged drug
administration did not significantly change the levels of pro-
inflammatory cytokines such as interleukin (IL)-1f, IL-6, IL-18
and tumor necrosis factor-o. (TNF-0) beyond the levels seen in
vehicle-treated, aged controls (John et al., 2020). While these results
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suggest that facilitation of vascular KCa2.X/KCa3.1 activity may not
have major adverse effects on adaptive immunity, it remains
unknown whether macrophage number and activity might be
impacted by this strategy. Since macrophages proliferate within
atherosclerotic plaque lesions (Robbins et al.,, 2013), it would be
useful to determine whether KCa channel positive modulators affect
macrophage activity and/or proliferation.

Could the opposite pharmacological actions of KCa channel
blockers vs. positive modulators present possible drawbacks in their
use as anti-atherogenic agents? Pharmacologically, a non-use-
dependent KCa channel blocker (e.g, TRAM-34) would be
expected to inhibit both the stimulated and basal activity of
KCa3.1, which may suppress target cell function below a baseline
level. Such an effect would be analogous to the actions of a local
anesthetic agent (e.g., lidocaine) to decrease both stimulated and
basal sensory nerve activity below a physiological minimum. On the
other hand, application of a KCa channel positive modulator (e.g.,
SKA-31) to boost the vascular response to a dilatory stimulus would
ideally not modify basal endothelial function, as facilitation of
endothelial KCa channel activity would not occur under the
resting level of cytosolic Ca*.

Another
modulators is that they may impact cardiac parameters such as

possible concern with KCa channel positive
heart rate, since atrial cardiomyocytes in some species (e.g., mice)
express KCa2.X channels (Xu et al.,, 2003; Tuteja et al., 2005) and
their facilitation may alter electrical conduction in the atria or
promote arrhythmogenesis (Schmitt et al., 2014). Along this line,
studies by our group and others suggest that facilitation of KCa
channel activity, at least by SKA-31, may not have major adverse
effects on the heart. Firstly, KCa3.1 channels do not appear to
contribute to arrhythmogenesis in the healthy heart (Schmitt et al.,
2014), although one report has suggested a role for KCa3.1 channel
current in cardiac pacemaker activity in a transgenic mouse model of
catecholaminergic polymorphic ventricular tachycardia (CPVT)
(Haron-Khun et al., 2017). These observations imply that positive
modulators preferentially acting on KCa3.1 channels (e.g., SKA-31)
may not strongly affect KCa2.X channels in atrial myocytes at low
doses, or alter cardiac rhythmicity in the absence of arrhythmogenic
conditions, such as CPVT. This prediction is supported in part by
work from Radtke et al. (2013) who found that acute SKA-31
administration in wild-type mice induced a significant decrease
in heart rate only at a high dosage of 100 mg/kg. In addition, we
have shown that 8 weeks of daily SKA-31 administration (10 mg/kg)
to aged rats did not significantly change their heart rate compared to
age-matched untreated controls, but did significantly improve left
ventricular ejection fraction and fractional shortening (John et al.,
2020). Altogether, these findings suggest that prolonged
administration of a KCa channel positive modulator at a low
dosage does not have major adverse cardiac effects and is well
tolerated. Testing these cardiac parameters in the context of
atherosclerosis would be an important next step.

Finally, while SKA-31 has proven very useful as a prototype
compound to explore endothelial KCa channel facilitation as a
viable strategy to counteract endothelial dysfunction, it is the
concept and not the compound that should be emphasized. Once
fully validated, this concept will likely promote the development
of new KCa channel positive modulators that exhibit the desired
potency, selectivity, pharmacokinetics, and safety profiles. These
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new compounds ideally should have a different pharmacophore
than the existing compounds so that they can be patent protected
and developed as drugs for human use. Until then, it appears that
SKA-31 may be the most suitable pharmacological compound/
tool for studying KCa2.X/KCa3.1 channels in vivo (John et al,
2018).

Conclusion

Given its prevalence and the many harmful and debilitating
CVDs linked to atherosclerosis, there continues to be a need to
develop new and innovative strategies to lessen its burden on
human health. While such new strategies are unlikely to replace
lipid lowering via statin drugs, given their impressive therapeutic
effectiveness and safety profile (Collins et al., 2016), they may
additional benefit their
complementary anti-atherosclerotic actions. As such, strategies

provide treatment through
designed to enhance endothelial KCa channel activity could be
used as an additional treatment option for patients in which
statin therapy alone is insufficient to control their atherosclerosis
[e.g., some statin intolerant patients (Fitchett et al., 2015)]. If
pharmacological facilitation of KCa channel activity is shown to
be a safe and effective strategy to prevent and/or treat
atherosclerosis, then future studies should explore whether it
conveys
treatments.

additional benefits when given alongside statin
If so, facilitation of endothelial KCa channel
activity could be developed as a viable add-on to lipid

lowering strategies to mitigate atherosclerosis and its

associated morbidity and mortality.

References

Abdullaev, 1. F., Bisaillon, J. M., Potier, M., Gonzalez, J. C., Motiani, R. K., and Trebak,
M. (2008). Stim1 and Orail mediate CRAC currents and store-operated calcium entry
important for endothelial cell proliferation. Circ. Res. 103 (11), 1289-1299. doi:10.1161/
01.Res.0000338496.95579.56

Al-Ghananeem, A. M., Abbassi, M., Shrestha, S., Raman, G., Wulff, H., Pereira, L.,
et al. (2010). Formulation-based approach to support early drug discovery and
development efforts: A case study with enteric microencapsulation dosage form
development for a triarylmethane derivative TRAM-34; a novel potential
immunosuppressant. Drug Dev. Ind. Pharm. 36 (5), 563-569. doi:10.3109/
03639040903329554

Allahverdian, S., Chehroudi, A. C., McManus, B. M., Abraham, T., and Francis, G. A.
(2014). Contribution of intimal smooth muscle cells to cholesterol accumulation and
macrophage-like cells in human atherosclerosis. Circulation 129 (15), 1551-1559.
doi:10.1161/circulationaha.113.005015

Ataga, K. I, Orringer, E. P,, Styles, L., Vichinsky, E. P., Swerdlow, P., Davis, G. A., et al.
(2006). Dose-escalation study of ICA-17043 in patients with sickle cell disease.
Pharmacotherapy 26 (11), 1557-1564. doi:10.1592/phc0.26.11.1557

Ataga, K. I, Reid, M., Ballas, S. K., Yasin, Z., Bigelow, C., James, L. S,, et al. (2011).
Improvements in haemolysis and indicators of erythrocyte survival do not correlate
with acute vaso-occlusive crises in patients with sickle cell disease: A phase III
randomized, placebo-controlled, double-blind study of the gardos channel blocker
senicapoc (ICA-17043). Br. J. Haematol. 153 (1), 92-104. doi:10.1111/j.1365-2141.2010.
08520.x

Ataga, K. L, Smith, W. R,, De Castro, L. M., Swerdlow, P., Saunthararajah, Y., Castro,
0., et al. (2008). Efficacy and safety of the Gardos channel blocker, senicapoc (ICA-
17043), in patients with sickle cell anemia. Blood 111 (8), 3991-3997. do0i:10.1182/
blood-2007-08-110098

Back, V., Asgari, A., Franczak, A., Saito, M., Castaneda, Z. D., Sandow, S. L., et al.
(2022). Inhibition of platelet aggregation by activation of platelet intermediate
conductance Ca(2+) -activated potassium channels. J. Thromb. Haemost. 20 (11),
2587-2600. doi:10.1111/jth.15827

Frontiers in Pharmacology

10.3389/fphar.2023.1151244

Author contributions

OV prepared an initial draft of the manuscript, which was then
edited and revised by all three authors.

Funding

This work was supported by a Libin Cardiovascular Institute
graduate scholarship to OV, the CounterACT Program, National
Institutes of Health Office of the Director, and the National Institute
of Neurological Disorders and Stroke (U54NS127758) (HW), and by
the Natural Sciences and Engineering Research Council of Canada
(RGPIN-2017-04116) (AB).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Bairey Merz, C. N., Pepine, C. J., Shimokawa, H., and Berry, C. (2020). Treatment of
coronary microvascular dysfunction. Cardiovasc Res. 116 (4), 856-870. doi:10.1093/cvr/
cvaa006

Bi, D., Toyama, K., Lemaitre, V., Takai, J., Fan, F., Jenkins, D. P., et al. (2013).
The intermediate conductance calcium-activated potassium  channel
KCa3.1 regulates vascular smooth muscle cell proliferation via controlling
calcium-dependent signaling. J. Biol. Chem. 288 (22), 15843-15853. doi:10.
1074/jbc.M112.427187

Billaud, M., Lohman, A. W., Johnstone, S. R., Biwer, L. A., Mutchler, S., and Isakson,
B. E. (2014). Regulation of cellular communication by signaling microdomains in the
blood vessel wall. Pharmacol. Rev. 66 (2), 513-569. doi:10.1124/pr.112.007351

Boubhairie, V. E., and Goldberg, A. C. (2015). Familial hypercholesterolemia. Cardiol.
Clin. 33 (2), 169-179. d0i:10.1016/j.cc1.2015.01.001

Brown, B. M., Shim, H., Zhang, M., Yarov-Yarovoy, V., and Wulff, H. (2017).
Structural determinants for the selectivity of the positive KCa3.1 gating modulator 5-
Methylnaphthol[2,1-d]oxazol-2-amine (SKA-121). Mol. Pharmacol. 92 (4), 469-480.
doi:10.1124/mol.117.109421

Chang, C. P., Dworetzky, S. I, Wang, J., and Goldstein, M. E. (1997). Differential
expression of the alpha and beta subunits of the large-conductance calcium-activated
potassium channel: Implication for channel diversity. Brain Res. Mol. Brain Res. 45 (1),
33-40. doi:10.1016/s0169-328x(96)00230-6

Chen, Y. L., and Sonkusare, S. K. (2020). Endothelial TRPV4 channels and vasodilator
reactivity. Curr. Top. Membr. 85, 89-117. doi:10.1016/bs.ctm.2020.01.007

Cheng, C., Tempel, D., van Haperen, R., van der Baan, A., Grosveld, F., Daemen, M. J.,
et al. (2006). Atherosclerotic lesion size and vulnerability are determined by patterns of
fluid shear stress. Circulation 113 (23), 2744-2753. doi:10.1161/circulationaha.105.
590018

Chiu, J. J., and Chien, S. (2011). Effects of disturbed flow on vascular endothelium:
Pathophysiological basis and clinical perspectives. Physiol. Rev. 91 (1), 327-387. doi:10.
1152/physrev.00047.2009

frontiersin.org


https://doi.org/10.1161/01.Res.0000338496.95579.56
https://doi.org/10.1161/01.Res.0000338496.95579.56
https://doi.org/10.3109/03639040903329554
https://doi.org/10.3109/03639040903329554
https://doi.org/10.1161/circulationaha.113.005015
https://doi.org/10.1592/phco.26.11.1557
https://doi.org/10.1111/j.1365-2141.2010.08520.x
https://doi.org/10.1111/j.1365-2141.2010.08520.x
https://doi.org/10.1182/blood-2007-08-110098
https://doi.org/10.1182/blood-2007-08-110098
https://doi.org/10.1111/jth.15827
https://doi.org/10.1093/cvr/cvaa006
https://doi.org/10.1093/cvr/cvaa006
https://doi.org/10.1074/jbc.M112.427187
https://doi.org/10.1074/jbc.M112.427187
https://doi.org/10.1124/pr.112.007351
https://doi.org/10.1016/j.ccl.2015.01.001
https://doi.org/10.1124/mol.117.109421
https://doi.org/10.1016/s0169-328x(96)00230-6
https://doi.org/10.1016/bs.ctm.2020.01.007
https://doi.org/10.1161/circulationaha.105.590018
https://doi.org/10.1161/circulationaha.105.590018
https://doi.org/10.1152/physrev.00047.2009
https://doi.org/10.1152/physrev.00047.2009
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1151244

Vera et al.

Collins, R., Reith, C., Emberson, J., Armitage, J., Baigent, C., Blackwell, L., et al. (2016).
Interpretation of the evidence for the efficacy and safety of statin therapy. Lancet 388
(10059), 2532-2561. doi:10.1016/s0140-6736(16)31357-5

Contreras, G. F., Castillo, K., Enrique, N., Carrasquel-Ursulaez, W., Castillo, J. P.,
Milesi, V., et al. (2013). A BK (Slo1) channel journey from molecule to physiology.
Channels (Austin) 7 (6), 442-458. d0i:10.4161/chan.26242

Crauwels, H. M., Van Hove, C. E., Holvoet, P., Herman, A. G., and Bult, H. (2003).
Plaque-associated endothelial dysfunction in apolipoprotein E-deficient mice on a
regular diet. Effect of human apolipoprotein Al Cardiovasc Res. 59 (1), 189-199.
doi:10.1016/s0008-6363(03)00353-5

Cybulsky, M. I, and Gimbrone, M. A., Jr. (1991). Endothelial expression of a
mononuclear leukocyte adhesion molecule during atherogenesis. Science 251 (4995),
788-791. doi:10.1126/science.1990440

d’Uscio, L. V., Smith, L. A., and Katusic, Z. S. (2001). Hypercholesterolemia impairs
endothelium-dependent relaxations in common carotid arteries of apolipoprotein
e-deficient mice. Stroke 32 (11), 2658-2664. doi:10.1161/hs1101.097393

Davies, P. F., Civelek, M., Fang, Y., and Fleming, I. (2013). The atherosusceptible
endothelium: Endothelial phenotypes in complex haemodynamic shear stress regions in
vivo. Cardiovasc Res. 99 (2), 315-327. doi:10.1093/cvr/cvt101

Davies, P. F. (2009). Hemodynamic shear stress and the endothelium in
cardiovascular pathophysiology. Nat. Clin. Pract. Cardiovasc Med. 6 (1), 16-26.
doi:10.1038/ncpcardio1397

Davignon, J., and Ganz, P. (2004). Role of endothelial dysfunction in atherosclerosis.
Circulation 109 (1), lii27-32. doi:10.1161/01.CIR.0000131515.03336.f8

Davis, M. ., Earley, S., Li, Y. S., and Chien, S. (2023). Vascular mechanotransduction.
Physiol. Rev. 103 (2), 1247-1421. doi:10.1152/physrev.00053.2021

De Caterina, R, Libby, P., Peng, H. B., Thannickal, V. J., Rajavashisth, T. B.,
Gimbrone, M. A, Jr, et al. (1995). Nitric oxide decreases cytokine-induced
endothelial activation. Nitric oxide selectively reduces endothelial expression of
adhesion molecules and proinflammatory cytokines. J. Clin. Invest. 96 (1), 60-68.
doi:10.1172/jci118074

Donato, A.J., Machin, D. R., and Lesniewski, L. A. (2018). Mechanisms of dysfunction
in the aging vasculature and role in age-related disease. Circ. Res. 123 (7), 825-848.
doi:10.1161/circresaha.118.312563

Earley, S., and Brayden, J. E. (2015). Transient receptor potential channels in the
vasculature. Physiol. Rev. 95 (2), 645-690. doi:10.1152/physrev.00026.2014

Edinoff, A. N., Nix, C. A,, Hollier, J., Sagrera, C. E., Delacroix, B. M., Abubakar, T.,
etal. (2021). Benzodiazepines: Uses, dangers, and clinical considerations. Neurol. Int. 13
(4), 594-607. doi:10.3390/neurolint13040059

Endo, A. (1992). The discovery and development of HMG-CoA reductase inhibitors.
J. Lipid Res. 33 (11), 1569-1582. doi:10.1016/s0022-2275(20)41379-3

Fanger, C. M., Ghanshani, S., Logsdon, N. J., Rauer, H., Kalman, K., Zhou, J., et al.
(1999). Calmodulin mediates calcium-dependent activation of the intermediate
conductance KCa channel, IKCal. J. Biol. Chem. 274 (9), 5746-5754. doi:10.1074/
jbc.274.9.5746

Feske, S., Wulff, H., and Skolnik, E. Y. (2015). Ion channels in innate and adaptive
immunity. Annu. Rev. Immunol. 33, 291-353. doi:10.1146/annurev-immunol-032414-
112212

Fitchett, D. H., Hegele, R. A., and Verma, S. (2015). Cardiology patient page. Statin
intolerance. Circulation 131 (13), €389-e391. doi:10.1161/circulationaha.114.013189

Gardos, G. (1958). The function of calcium in the potassium permeability of human
erythrocytes. Biochim. Biophys. Acta 30 (3), 653-654. doi:10.1016/0006-3002(58)
90124-0

Garland, C.J,, Hiley, C. R,, and Dora, K. A. (2011). EDHF: Spreading the influence of
the endothelium. Br. J. Pharmacol. 164 (3), 839-852. doi:10.1111/j.1476-5381.2010.
01148.x

Ghanshani, S., Wulff, H., Miller, M. J., Rohm, H., Neben, A., Gutman, G. A, et al.
(2000). Up-regulation of the IKCal potassium channel during T-cell activation.
Molecular mechanism and functional consequences. J. Biol. Chem. 275 (47),
37137-37149. doi:10.1074/jbc.M003941200

Gisterd, A., and Hansson, G. K. (2017). The immunology of atherosclerosis. Nat. Rev.
Nephrol. 13 (6), 368-380. doi:10.1038/nrneph.2017.51

Grootaert, M. O. J., and Bennett, M. R. (2021). Vascular smooth muscle cells in
atherosclerosis: Time for a re-assessment. Cardiovasc Res. 117 (11), 2326-2339. doi:10.
1093/cvr/cvab046

Grundy, S. M., Stone, N. ], Bailey, A. L., Beam, C,, Birtcher, K. K., Blumenthal, R. S.,
et al. (2019). 2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/
ASPC/NLA/PCNA guideline on the management of blood cholesterol: A report of
the American College of Cardiology/American heart association task force on clinical
practice  guidelines.  Circulation 139  (25), l082-e1143. doi:10.1161/cir.
0000000000000625

Hadi, H. A, Carr, C. S, and Al Suwaidi, J. (2005). Endothelial dysfunction:
Cardiovascular risk factors, therapy, and outcome. Vasc. Health Risk Manag. 1 (3),
183-198.

Frontiers in Pharmacology

10

10.3389/fphar.2023.1151244

Hansson, G. K., and Hermansson, A. (2011). The immune system in atherosclerosis.
Nat. Immunol. 12 (3), 204-212. doi:10.1038/ni.2001

Haron-Khun, S., Weisbrod, D., Bueno, H., Yadin, D., Behar, J., Peretz, A., et al. (2017).
SK4 K(+) channels are therapeutic targets for the treatment of cardiac arrhythmias.
EMBO Mol. Med. 9 (4), 415-429. doi:10.15252/emmm.201606937

He, L., Zhang, C. L., Chen, Q., Wang, L., and Huang, Y. (2022). Endothelial shear
stress signal transduction and atherogenesis: From mechanisms to therapeutics.
Pharmacol. Ther. 235, 108152. doi:10.1016/j.pharmthera.2022.108152

Herrett, E., Williamson, E., Brack, K., Beaumont, D., Perkins, A., Thayne, A, et al.
(2021). Statin treatment and muscle symptoms: Series of randomised, placebo
controlled n-of-1 trials. BMJ 372, n135. doi:10.1136/bmj.n135

Hirschberg, B., Maylie, J., Adelman, J. P., and Marrion, N. V. (1999). Gating
properties of single SK channels in hippocampal CA1 pyramidal neurons. Biophys.
J. 77 (4), 1905-1913. doi:10.1016/s0006-3495(99)77032-3

Horrigan, F. T., and Aldrich, R. W. (2002). Coupling between voltage sensor
activation, Ca2+ binding and channel opening in large conductance (BK) potassium
channels. J. Gen. Physiol. 120 (3), 267-305. doi:10.1085/jgp.20028605

Ii, M., and Losordo, D. W. (2007). Statins and the endothelium. Vasc. Pharmacol. 46
(1), 1-9. doi:10.1016/j.vph.2006.06.012

Jackson, W. F. (2022). Endothelial ion channels and cell-cell communication in the
microcirculation. Front. Physiol. 13, 805149. doi:10.3389/fphys.2022.805149

Jeremy, J. Y., Rowe, D., Emsley, A. M., and Newby, A. C. (1999). Nitric oxide and the
proliferation of vascular smooth muscle cells. Cardiovasc Res. 43 (3), 580-594. doi:10.
1016/s0008-6363(99)00171-6

Jiang, X. X,, Bian, W., Zhu, Y. R, Wang, Z,, Ye, P, Gu, Y., et al. (2022). Targeting the
KCa3.1 channel suppresses diabetes-associated atherosclerosis via the STAT3/
CD36 axis. Diabetes Res. Clin. Pract. 185, 109776. doi:10.1016/j.diabres.2022.109776

John, C. M., Khaddaj-Mallat, R., George, G., Kim, T., Mishra, R. C., and Braun, A. P.
(2018). Pharmacologic targeting of endothelial Ca(2+)-activated K(+) channels: A
strategy to improve cardiovascular function. Channels (Austin) 12 (1), 126-136.
doi:10.1080/19336950.2018.1454814

John, C. M., Khaddaj-Mallat, R., Mishra, R. C., George, G., Singh, V., Turnbull, J. D.,
et al. (2020). SKA-31, an activator of Ca(2+)-activated K(+) channels, improves
cardiovascular function in aging. Pharmacol. Res. 151, 104539. doi:10.1016/j.phrs.
2019.104539

Kaczmarek, L. K., Aldrich, R. W., Chandy, K. G., Grissmer, S., Wei, A. D., and Wulff,
H. (2017). International union of basic and clinical Pharmacology. C. Nomenclature
and properties of calcium-activated and sodium-activated potassium channels.
Pharmacol. Rev. 69 (1), 1-11. doi:10.1124/pr.116.012864

Kerr, P. M., Tam, R, Narang, D., Potts, K., McMillan, D., McMillan, K., et al. (2012).
Endothelial calcium-activated potassium channels as therapeutic targets to enhance
availability of nitric oxide. Can. J. Physiol. Pharmacol. 90 (6), 739-752. doi:10.1139/
y2012-075

Khaddaj-Mallat, R., John, C. M., Kendrick, D. J., and Braun, A. P. (2017). The vascular
endothelium: A regulator of arterial tone and interface for the immune system. Crit. Rev.
Clin. Lab. Sci. 54 (7-8), 458-470. doi:10.1080/10408363.2017.1394267

Kohler, M., Hirschberg, B., Bond, C. T., Kinzie, J. M., Marrion, N. V., Maylie, J., et al.
(1996). Small-conductance, calcium-activated potassium channels from mammalian
brain. Science 273 (5282), 1709-1714. doi:10.1126/science.273.5282.1709

Kohler, R, Olivan-Viguera, A., and Wulff, H. (2016). Endothelial small- and
intermediate-conductance K channels and endothelium-dependent hyperpolarization
as drug targets in cardiovascular disease. Adv. Pharmacol. 77, 65-104. doi:10.1016/bs.
apha.2016.04.002

Kohler, R., Wulff, H., Eichler, L., Kneifel, M., Neumann, D., Knorr, A., et al. (2003).
Blockade of the intermediate-conductance calcium-activated potassium channel as a
new therapeutic strategy for restenosis. Circulation 108 (9), 1119-1125. doi:10.1161/01.
Cir.0000086464.04719.Dd

Kshatri, A. S., Gonzalez-Hernandez, A., and Giraldez, T. (2018). Physiological roles
and therapeutic potential of Ca(2+) activated potassium channels in the nervous system.
Front. Mol. Neurosci. 11, 258. do0i:10.3389/fnmol.2018.00258

Kuijper, P. H., Gallardo Torres, H. I, Houben, L. A., Lammers, ]. W., Zwaginga, . J.,
and Koenderman, L. (1998). P-selectin and MAC-1 mediate monocyte rolling and
adhesion to ECM-bound platelets under flow conditions. J. Leukoc. Biol. 64 (4),
467-473. dOi:lOAIOOZ/jlb.64.4.467

Latorre, R., Castillo, K., Carrasquel-Ursulaez, W., Sepulveda, R. V., Gonzalez-
Nilo, F., Gonzalez, C., et al. (2017). Molecular determinants of BK channel
functional diversity and functioning. Physiol. Rev. 97 (1), 39-87. doi:10.1152/
physrev.00001.2016

Lee, C. H., and MacKinnon, R. (2018). Activation mechanism of a human SK-
calmodulin channel complex elucidated by cryo-EM structures. Science 360 (6388),
508-513. doi:10.1126/science.aas9466

Lefer, A. M., Osborne, J. A., Yanagisawa, A., and Sun, J. Z. (1987). Influence of
atherosclerosis on vascular responsiveness in isolated rabbit vascular smooth muscle.
Cardiovasc Drugs Ther. 1 (4), 385-391. doi:10.1007/bf02209080

frontiersin.org


https://doi.org/10.1016/s0140-6736(16)31357-5
https://doi.org/10.4161/chan.26242
https://doi.org/10.1016/s0008-6363(03)00353-5
https://doi.org/10.1126/science.1990440
https://doi.org/10.1161/hs1101.097393
https://doi.org/10.1093/cvr/cvt101
https://doi.org/10.1038/ncpcardio1397
https://doi.org/10.1161/01.CIR.0000131515.03336.f8
https://doi.org/10.1152/physrev.00053.2021
https://doi.org/10.1172/jci118074
https://doi.org/10.1161/circresaha.118.312563
https://doi.org/10.1152/physrev.00026.2014
https://doi.org/10.3390/neurolint13040059
https://doi.org/10.1016/s0022-2275(20)41379-3
https://doi.org/10.1074/jbc.274.9.5746
https://doi.org/10.1074/jbc.274.9.5746
https://doi.org/10.1146/annurev-immunol-032414-112212
https://doi.org/10.1146/annurev-immunol-032414-112212
https://doi.org/10.1161/circulationaha.114.013189
https://doi.org/10.1016/0006-3002(58)90124-0
https://doi.org/10.1016/0006-3002(58)90124-0
https://doi.org/10.1111/j.1476-5381.2010.01148.x
https://doi.org/10.1111/j.1476-5381.2010.01148.x
https://doi.org/10.1074/jbc.M003941200
https://doi.org/10.1038/nrneph.2017.51
https://doi.org/10.1093/cvr/cvab046
https://doi.org/10.1093/cvr/cvab046
https://doi.org/10.1161/cir.0000000000000625
https://doi.org/10.1161/cir.0000000000000625
https://doi.org/10.1038/ni.2001
https://doi.org/10.15252/emmm.201606937
https://doi.org/10.1016/j.pharmthera.2022.108152
https://doi.org/10.1136/bmj.n135
https://doi.org/10.1016/s0006-3495(99)77032-3
https://doi.org/10.1085/jgp.20028605
https://doi.org/10.1016/j.vph.2006.06.012
https://doi.org/10.3389/fphys.2022.805149
https://doi.org/10.1016/s0008-6363(99)00171-6
https://doi.org/10.1016/s0008-6363(99)00171-6
https://doi.org/10.1016/j.diabres.2022.109776
https://doi.org/10.1080/19336950.2018.1454814
https://doi.org/10.1016/j.phrs.2019.104539
https://doi.org/10.1016/j.phrs.2019.104539
https://doi.org/10.1124/pr.116.012864
https://doi.org/10.1139/y2012-075
https://doi.org/10.1139/y2012-075
https://doi.org/10.1080/10408363.2017.1394267
https://doi.org/10.1126/science.273.5282.1709
https://doi.org/10.1016/bs.apha.2016.04.002
https://doi.org/10.1016/bs.apha.2016.04.002
https://doi.org/10.1161/01.Cir.0000086464.04719.Dd
https://doi.org/10.1161/01.Cir.0000086464.04719.Dd
https://doi.org/10.3389/fnmol.2018.00258
https://doi.org/10.1002/jlb.64.4.467
https://doi.org/10.1152/physrev.00001.2016
https://doi.org/10.1152/physrev.00001.2016
https://doi.org/10.1126/science.aas9466
https://doi.org/10.1007/bf02209080
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1151244

Vera et al.

Libby, P., Buring, J. E., Badimon, L., Hansson, G. K., Deanfield, J., Bittencourt, M. S.,
et al. (2019). Atherosclerosis. Nat. Rev. Dis. Prim. 5 (1), 56. doi:10.1038/s41572-019-
0106-z

Libby, P. (2013). Mechanisms of acute coronary syndromes and their
implications for therapy. N. Engl. J. Med. 368 (21), 2004-2013. doi:10.1056/
NEJMral216063

Lin, S., Fagan, K. A,, Li, K. X,, Shaul, P. W, Cooper, D. M., and Rodman, D. M. (2000).
Sustained endothelial nitric-oxide synthase activation requires capacitative Ca2+ entry.
J. Biol. Chem. 275 (24), 17979-17985. doi:10.1074/jbc.275.24.17979

Lloyd-Jones, D. M., Morris, P. B, Ballantyne, C. M., Birtcher, K. K., Covington, A. M.,
DePalma, S. M., et al. (2022). 2022 acc expert consensus decision pathway on the role of
nonstatin therapies for LDL-cholesterol lowering in the management of atherosclerotic
cardiovascular disease risk: A report of the American College of Cardiology solution set
oversight committee. . Am. Coll. Cardiol. 80 (14), 1366-1418. doi:10.1016/j.jacc.2022.
07.006

Ludmer, P. L., Selwyn, A. P., Shook, T. L., Wayne, R. R., Mudge, G. H., Alexander, R.
W., et al. (1986). Paradoxical vasoconstriction induced by acetylcholine in
atherosclerotic coronary arteries. N. Engl. J. Med. 315 (17), 1046-1051. doi:10.1056/
nejm198610233151702

Macdonald, R. L., and Olsen, R. W. (1994). GABAA receptor channels. Annu. Rev.
Neurosci. 17, 569-602. doi:10.1146/annurev.ne.17.030194.003033

Mach, F., Baigent, C., Catapano, A. L., Koskinas, K. C., Casula, M., Badimon, L., et al.
(2019). 2019 ESC/EAS guidelines for the management of dyslipidaemias: Lipid
modification to reduce cardiovascular risk. Atherosclerosis 290, 140-205. doi:10.
1016/j.atherosclerosis.2019.08.014

Mishra, R. C., Belke, D., Wulff, H., and Braun, A. P. (2013). SKA-31, a novel activator
of SK(Ca) and Ik(Ca) channels, increases coronary flow in male and female rat hearts.
Cardiovasc Res. 97 (2), 339-348. doi:10.1093/cvr/cvs326

Mishra, R. C,, Kyle, B. D., Kendrick, D. J., Svystonyuk, D., Kieser, T. M., Fedak, P. W.
M., et al. (2021). KCa channel activation normalizes endothelial function in Type
2 Diabetic resistance arteries by improving intracellular Ca(2+) mobilization.
Metabolism 114, 154390. doi:10.1016/j.metabol.2020.154390

Mishra, R. C., Mitchell, J. R., Gibbons-Kroeker, C., Wulff, H., Belenkie, I, Tyberg,
J. V., et al. (2016). A pharmacologic activator of endothelial KCa channels increases
systemic conductance and reduces arterial pressure in an anesthetized pig model. Vasc.
Pharmacol. 79, 24-31. d0i:10.1016/j.vph.2015.07.016

Mishra, R. C., Wulff, H,, Hill, M. A,, and Braun, A. P. (2015). Inhibition of myogenic
tone in rat cremaster and cerebral arteries by SKA-31, an activator of endothelial
KCa2.3 and KCa3.1 channels. J. Cardiovasc Pharmacol. 66 (1), 118-127. doi:10.1097/fjc.
0000000000000252

Murray, P. J., Allen, J. E., Biswas, S. K., Fisher, E. A., Gilroy, D. W., Goerdt, S., et al.
(2014). Macrophage activation and polarization: Nomenclature and experimental
guidelines. Immunity 41 (1), 14-20. doi:10.1016/j.immuni.2014.06.008

Murray, P. J., and Wynn, T. A. (2011). Protective and pathogenic functions of
macrophage subsets. Nat. Rev. Immunol. 11 (11), 723-737. doi:10.1038/nri3073

Nahrendorf, M., and Swirski, F. K. (2016). Abandoning M1/M2 for a network model
of macrophage function. Circ. Res. 119 (3), 414-417. doi:10.1161/circresaha.116.309194

Nakashima, Y., Raines, E. W., Plump, A. S., Breslow, J. L., and Ross, R. (1998).
Upregulation of VCAM-1 and ICAM-1 at atherosclerosis-prone sites on the
endothelium in the ApoE-deficient mouse. Arterioscler. Thromb. Vasc. Biol. 18 (5),
842-851. doi:10.1161/01.atv.18.5.842

Newman, C. B, Preiss, D., Tobert, J. A., Jacobson, T. A., Page, R. L., 2nd, Goldstein, L.
B., et al. (2019). Statin safety and associated adverse events: A scientific statement from
the American heart association. Arterioscler. Thromb. Vasc. Biol. 39 (2), e38-¢e81. doi:10.
1161/atv.0000000000000073

Neylon, C. B,, Lang, R. J., Fu, Y., Bobik, A., and Reinhart, P. H. (1999). Molecular
cloning and characterization of the intermediate-conductance Ca(2+)-activated
K(+) channel in vascular smooth muscle: Relationship between K(Ca) channel
diversity and smooth muscle cell function. Circ. Res. 85 (9), e33-e43. doi:10.1161/
01.res.85.9.e33

Olsen, R. W. (2018). GABA(A) receptor: Positive and negative allosteric modulators.
Neuropharmacology 136, 10-22. doi:10.1016/j.neuropharm.2018.01.036

Pedersen, E. M., Oyre, S., Agerbaek, M., Kristensen, 1. B., Ringgaard, S., Boesiger, P.,
et al. (1999). Distribution of early atherosclerotic lesions in the human abdominal aorta
correlates with wall shear stresses measured in vivo. Eur. J. Vasc. Endovasc. Surg. 18 (4),
328-333. doi:10.1053/ejvs.1999.0913

Pirillo, A., Norata, G. D., and Catapano, A. L. (2013). LOX-1, OxLDL, and
atherosclerosis. Mediat. Inflamm. 2013, 152786. doi:10.1155/2013/152786

Radtke, J., Schmidt, K., Wulff, H., Kéhler, R., and de Wit, C. (2013). Activation of
KCa3.1 by SKA-31 induces arteriolar dilatation and lowers blood pressure in normo-
and hypertensive connexin40-deficient mice. Br. J. Pharmacol. 170 (2), 293-303. doi:10.
1111/bph.12267

Riddell, D. R., and Owen, J. S. (1999). Nitric oxide and platelet aggregation. Vitam.
Horm. 57, 25-48. doi:10.1016/s0083-6729(08)60639-1

Frontiers in Pharmacology

11

10.3389/fphar.2023.1151244

Robbins, C. S., Hilgendorf, I, Weber, G. F., Theurl, I, Iwamoto, Y., Figueiredo, J. L.,
et al. (2013). Local proliferation dominates lesional macrophage accumulation in
atherosclerosis. Nat. Med. 19 (9), 1166-1172. doi:10.1038/nm.3258

Ruhle, B, and Trebak, M. (2013). Emerging roles for native Orai Ca2+ channels in
cardiovascular disease. Curr. Top. Membr. 71, 209-235. d0i:10.1016/b978-0-12-407870-
3.00009-3

Salkoff, L., Butler, A., Ferreira, G., Santi, C., and Wei, A. (2006). High-conductance
potassium channels of the SLO family. Nat. Rev. Neurosci. 7 (12),921-931. doi:10.1038/
nrnl992

Sandoo, A., van Zanten, J. J., Metsios, G. S., Carroll, D., and Kitas, G. D. (2010). The
endothelium and its role in regulating vascular tone. Open Cardiovasc Med. ]. 4,
302-312. doi:10.2174/1874192401004010302

Sankaranarayanan, A., Raman, G., Busch, C., Schultz, T., Zimin, P. I, Hoyer, J., et al.
(2009). Naphtho[1,2-d]thiazol-2-ylamine (SKA-31), a new activator of KCa2 and
KCa3.1 potassium channels, potentiates the endothelium-derived hyperpolarizing
factor response and lowers blood pressure. Mol. Pharmacol. 75 (2), 281-295. doi:10.
1124/mol.108.051425

Schmid-Antomarchi, H., Schmid-Alliana, A. Romey, G., Ventura, M. A,
Breittmayer, V., Millet, M. A,, et al. (1997). Extracellular ATP and UTP control the
generation of reactive oxygen intermediates in human macrophages through the
opening of a charybdotoxin-sensitive Ca2+-dependent K+ channel. J. Immunol. 159
(12), 6209-6215. doi:10.4049/jimmunol.159.12.6209

Schmitt, N., Grunnet, M., and Olesen, S. P. (2014). Cardiac potassium channel
subtypes: New roles in repolarization and arrhythmia. Physiol. Rev. 94 (2), 609-653.
doi:10.1152/physrev.00022.2013

Schulz, C., and Massberg, S. (2012). Platelets in atherosclerosis and thrombosis.
Handb. Exp. Pharmacol. 210, 111-133. doi:10.1007/978-3-642-29423-5_5

Sheng, J. Z., Ella, S., Davis, M. J., Hill, M. A., and Braun, A. P. (2009). Openers of SKCa
and IKCa channels enhance agonist-evoked endothelial nitric oxide synthesis and
arteriolar vasodilation. Faseb J. 23 (4), 1138-1145. doi:10.1096/1j.08-120451

Shimokawa, H., and Godo, S. (2016). Diverse functions of endothelial NO synthases
system: NO and EDH. J. Cardiovasc Pharmacol. 67 (5), 361-366. doi:10.1097/fjc.
0000000000000348

Sigel, E., and Ernst, M. (2018). The benzodiazepine binding sites of GABA(A)
receptors. Trends Pharmacol. Sci. 39 (7), 659-671. doi:10.1016/j.tips.2018.03.006

Stone, N. J., Robinson, J. G., Lichtenstein, A. H., Bairey Merz, C. N., Blum, C. B., Eckel,
R. H,, et al. (2014). 2013 ACC/AHA guideline on the treatment of blood cholesterol to
reduce atherosclerotic cardiovascular risk in adults: A report of the American College of
Cardiology/American heart association task force on practice guidelines. Circulation
129 (2), S1-845. doi:10.1161/01.¢ir.0000437738.63853.7a

Tharp, D. L., and Bowles, D. K. (2021). K(Ca)3.1 inhibition decreases size and alters
composition of atherosclerotic lesions induced by low, oscillatory flow. Artery Res. 27
(2), 93-100. doi:10.2991/artres.k.210202.001

Toyama, K., Wulff, H.,, Chandy, K. G., Azam, P., Raman, G., Saito, T., et al. (2008).
The intermediate-conductance calcium-activated potassium channel
KCa3.1 contributes to atherogenesis in mice and humans. J. Clin. Invest. 118 (9),
3025-3037. doi:10.1172/jci30836

Tuteja, D., Xu, D., Timofeyev, V., Lu, L., Sharma, D., Zhang, Z., et al. (2005).
Differential expression of small-conductance Ca2+-activated K+ channels SK1, SK2,
and SK3 in mouse atrial and ventricular myocytes. Am. J. Physiol. Heart Circ. Physiol.
289 (6), H2714-H2723. doi:10.1152/ajpheart.00534.2005

Ungvari, Z., Tarantini, S, Kiss, T., Wren, J. D., Giles, C. B, Griffin, C. T., et al. (2018).
Endothelial dysfunction and angiogenesis impairment in the ageing vasculature. Nat.
Rev. Cardiol. 15 (9), 555-565. doi:10.1038/s41569-018-0030-z

Vanhoutte, P. M., Shimokawa, H., Feletou, M., and Tang, E. H. (2017). Endothelial
dysfunction and vascular disease - a 30th anniversary update. Acta Physiol. (Oxf) 219
(1), 22-96. doi:10.1111/apha.12646

Vergara, C., Latorre, R., Marrion, N. V., and Adelman, J. P. (1998). Calcium-activated
potassium channels. Curr. Opin. Neurobiol. 8 (3), 321-329. doi:10.1016/s0959-4388(98)
80056-1

Vinkers, C. H., and Olivier, B. (2012). Mechanisms underlying tolerance after
long-term benzodiazepine use: A future for subtype-selective GABA(A) receptor
modulators? Adv. Pharmacol. Sci. 2012, 416864. doi:10.1155/2012/416864

Violi, F., Marino, R., Milite, M. T., and Loffredo, L. (1999). Nitric oxide and its role in
lipid peroxidation. Diabetes Metab. Res. Rev. 15 (4), 283-288. doi:10.1002/(sici)1520-
7560(199907/08)15:4<283::aid-dmrr42>3.0.co;2-u

Wang, Y., Dubland, J. A., Allahverdian, S., Asonye, E., Sahin, B., Jaw, J. E,, et al. (2019).
Smooth muscle cells contribute the majority of foam cells in ApoE (apolipoprotein E)-
Deficient mouse atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 39 (5), 876-887.
doi:10.1161/atvbaha.119.312434

Ward, N. C,, Watts, G. F., and Eckel, R. H. (2019). Statin toxicity. Circ. Res. 124 (2),
328-350. doi:10.1161/circresaha.118.312782

Wei, A. D., Gutman, G. A., Aldrich, R,, Chandy, K. G., Grissmer, S., and Wulff, H.
(2005). International Union of Pharmacology. LII. Nomenclature and molecular

frontiersin.org


https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1056/NEJMra1216063
https://doi.org/10.1056/NEJMra1216063
https://doi.org/10.1074/jbc.275.24.17979
https://doi.org/10.1016/j.jacc.2022.07.006
https://doi.org/10.1016/j.jacc.2022.07.006
https://doi.org/10.1056/nejm198610233151702
https://doi.org/10.1056/nejm198610233151702
https://doi.org/10.1146/annurev.ne.17.030194.003033
https://doi.org/10.1016/j.atherosclerosis.2019.08.014
https://doi.org/10.1016/j.atherosclerosis.2019.08.014
https://doi.org/10.1093/cvr/cvs326
https://doi.org/10.1016/j.metabol.2020.154390
https://doi.org/10.1016/j.vph.2015.07.016
https://doi.org/10.1097/fjc.0000000000000252
https://doi.org/10.1097/fjc.0000000000000252
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1038/nri3073
https://doi.org/10.1161/circresaha.116.309194
https://doi.org/10.1161/01.atv.18.5.842
https://doi.org/10.1161/atv.0000000000000073
https://doi.org/10.1161/atv.0000000000000073
https://doi.org/10.1161/01.res.85.9.e33
https://doi.org/10.1161/01.res.85.9.e33
https://doi.org/10.1016/j.neuropharm.2018.01.036
https://doi.org/10.1053/ejvs.1999.0913
https://doi.org/10.1155/2013/152786
https://doi.org/10.1111/bph.12267
https://doi.org/10.1111/bph.12267
https://doi.org/10.1016/s0083-6729(08)60639-1
https://doi.org/10.1038/nm.3258
https://doi.org/10.1016/b978-0-12-407870-3.00009-3
https://doi.org/10.1016/b978-0-12-407870-3.00009-3
https://doi.org/10.1038/nrn1992
https://doi.org/10.1038/nrn1992
https://doi.org/10.2174/1874192401004010302
https://doi.org/10.1124/mol.108.051425
https://doi.org/10.1124/mol.108.051425
https://doi.org/10.4049/jimmunol.159.12.6209
https://doi.org/10.1152/physrev.00022.2013
https://doi.org/10.1007/978-3-642-29423-5_5
https://doi.org/10.1096/fj.08-120451
https://doi.org/10.1097/fjc.0000000000000348
https://doi.org/10.1097/fjc.0000000000000348
https://doi.org/10.1016/j.tips.2018.03.006
https://doi.org/10.1161/01.cir.0000437738.63853.7a
https://doi.org/10.2991/artres.k.210202.001
https://doi.org/10.1172/jci30836
https://doi.org/10.1152/ajpheart.00534.2005
https://doi.org/10.1038/s41569-018-0030-z
https://doi.org/10.1111/apha.12646
https://doi.org/10.1016/s0959-4388(98)80056-1
https://doi.org/10.1016/s0959-4388(98)80056-1
https://doi.org/10.1155/2012/416864
https://doi.org/10.1002/(sici)1520-7560(199907/08)15:4<283::aid-dmrr42>3.0.co;2-u
https://doi.org/10.1002/(sici)1520-7560(199907/08)15:4<283::aid-dmrr42>3.0.co;2-u
https://doi.org/10.1161/atvbaha.119.312434
https://doi.org/10.1161/circresaha.118.312782
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1151244

Vera et al.

relationships of calcium-activated potassium channels. Pharmacol. Rev. 57 (4), 463-472.
doi:10.1124/pr.57.4.9

Wilcox, J. N., Smith, K. M., Schwartz, S. M., and Gordon, D. (1989). Localization of
tissue factor in the normal vessel wall and in the atherosclerotic plaque. Proc. Natl. Acad.
Sci. U. S. A. 86 (8), 2839-2843. doi:10.1073/pnas.86.8.2839

Wolfrum, S., Jensen, K. S., and Liao, J. K. (2003). Endothelium-dependent effects of
statins. Arterioscler. Thromb. Vasc. Biol. 23 (5), 729-736. doi:10.1161/01.Atv.
0000063385.12476.A7

Wood, F. A., Howard, J. P., Finegold, J. A., Nowbar, A. N,, Thompson, D. M.,
Arnold, A. D., et al. (2020). N-of-1 trial of a statin, placebo, or No treatment to
assess side effects. N. Engl. ]J. Med. 383 (22), 2182-2184. doi:10.1056/
NEJMc2031173

World Health Organization (2021). Cardiovascular diseases (CVDs) fact sheet.
Available at: https://www.who.int/news-room/fact-sheets/detail/cardiovascular-
diseases-(cvds (Accessed on May 9, 2022).

Frontiers in Pharmacology

12

10.3389/fphar.2023.1151244

Wulff, H., and Castle, N. A. (2010). Therapeutic potential of KCa3.1 blockers: Recent
advances and promising trends. Expert Rev. Clin. Pharmacol. 3 (3), 385-396. doi:10.
1586/ecp.10.11

Xia, X. M., Fakler, B., Rivard, A., Wayman, G., Johnson-Pais, T., Keen, J. E., et al.
(1998). Mechanism of calcium gating in small-conductance calcium-activated
potassium channels. Nature 395 (6701), 503-507. doi:10.1038/26758

Xu, R, Li, C., Wu, Y., Shen, L., Ma, J., Qian, J., et al. (2017). Role of KCa3.1 channels in
macrophage polarization and its relevance in atherosclerotic plaque instability.
Arterioscler. Thromb. Vasc. Biol. 37 (2), 226-236. doi:10.1161/atvbaha.116.308461

Xu, Y., Tuteja, D., Zhang, Z., Xu, D., Zhang, Y., Rodriguez, J., et al. (2003). Molecular
identification and functional roles of a Ca(2+)-activated K+ channel in human and
mouse hearts. J. Biol. Chem. 278 (49), 49085-49094. doi:10.1074/jbc.M307508200

Zhou, J., Li, Y. S, and Chien, S. (2014). Shear stress-initiated signaling and its

regulation of endothelial function. Arterioscler. Thromb. Vasc. Biol. 34 (10), 2191-2198.
doi:10.1161/atvbaha.114.303422

frontiersin.org


https://doi.org/10.1124/pr.57.4.9
https://doi.org/10.1073/pnas.86.8.2839
https://doi.org/10.1161/01.Atv.0000063385.12476.A7
https://doi.org/10.1161/01.Atv.0000063385.12476.A7
https://doi.org/10.1056/NEJMc2031173
https://doi.org/10.1056/NEJMc2031173
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://doi.org/10.1586/ecp.10.11
https://doi.org/10.1586/ecp.10.11
https://doi.org/10.1038/26758
https://doi.org/10.1161/atvbaha.116.308461
https://doi.org/10.1074/jbc.M307508200
https://doi.org/10.1161/atvbaha.114.303422
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1151244

	Endothelial KCa channels: Novel targets to reduce atherosclerosis-driven vascular dysfunction
	Introduction
	Current pharmacological treatments for atherosclerosis focus on lipid lowering
	KCa channels: A new target for atherosclerosis mitigation?
	KCa channel inhibition for atherosclerosis mitigation
	Enhancement of KCa channel activity for atherosclerosis mitigation
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


