
Associate editor: P. Holzer

Ion channels and transporters as therapeutic targets in the
pulmonary circulation

Andrea Olschewski a,b,⁎, Rita Papp a, Chandran Nagaraj a, Horst Olschewski a,c

a Ludwig Boltzmann Institute for Lung Vascular Research, Graz, Austria
b Experimental Anesthesiology, Department of Anesthesia and Intensive Care Medicine, Medical University of Graz, Austria
c Department of Internal Medicine, Division of Pulmonology, Medical University of Graz, Austria

a b s t r a c ta r t i c l e i n f o

Available online 6 August 2014

Keywords:
Ion channels
Prostacyclin
Endothelin receptor antagonists
Soluble guanylate cyclase stimulators
Sympathetic neurotransmitter
Pulmonary hypertension

Pulmonary circulation is a low pressure, low resistance, high flow system. The low resting vascular tone is main-
tained by the concerted action of ion channels, exchangers and pumps. Under physiological aswell as pathophys-
iological conditions, they are targets of locally secreted or circulating vasodilators and/or vasoconstrictors,
leading to changes in expression or to posttranslational modifications. Both structural changes in the pulmonary
arteries and a sustained increase in pulmonary vascular tone result in pulmonary vascular remodeling contribut-
ing to morbidity and mortality in pediatric and adult patients. There is increasing evidence demonstrating the
pivotal role of ion channels such as K+ and Cl− or transient receptor potential channels in different cell types
which are thought to play a key role in vasoconstrictive remodeling. This review focuses on ion channels, ex-
changers and pumps in the pulmonary circulation and summarizes their putative pathophysiological as well as
therapeutic role in pulmonary vascular remodeling. A better understanding of the mechanisms of their actions
may allow for the development of new options for attenuating acute and chronic pulmonary vasoconstriction
and remodeling treating the devastating disease pulmonary hypertension.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

For there are indeed many who openly confess that the greatest part of
those thingswhich we do know is the least of the thingswhichwe know
not.

[(William Harvey, 1628)]

The pulmonary circulation is unique comparedwith systemic vascu-
lar beds. During normoxic conditions, the pulmonary circulation is at
low pressure and vasodilated — compared with the high-pressure sys-
temic circulation. The high flow favors pulmonary gas exchange and
the low pressure allows the right ventricle to operate at low energy
cost. The most significant difference in the regulation between all sys-
temic organs and the lung is that hypoxia elicits vasoconstriction of
small resistance vessels in the pulmonary circulation (Bradford &
Dean, 1894). This physiological response that divertsmixed desaturated
venous blood away from hypoxic alveoli to better ventilated lung seg-
ments, thus optimizing the matching of perfusion and ventilation and
preventing arterial hypoxemia, is called hypoxic pulmonary vasocon-
striction (HPV) (von Euler & Liljestrand, 1946). In contrast, in the sys-
temic circulation, low oxygen tension leads to vasodilatation that
increases oxygen delivery to the tissue. There is also a significant ana-
tomical difference between the pulmonary and the systemic circulation.
In the systemic circulation, the arterioles have a thick layer of smooth
muscle cells (SMC), whereas no such layer exists in the pulmonary arte-
rioles after fetal life. Instead, the larger, muscular arteries merge into
small, partially muscularized vessels that have a very low perfusion re-
sistance and directly feed the pulmonary capillaries. The other signifi-
cant difference concerns blood pressure regulation. In the systemic
circulation, arterial pressure is the variable with themost extensive reg-
ulation system. The systemic feedback control center for the so-called
arterial and low-pressure baroreflexes is located in the brain stem,
and the various associated changes in the heart, vessel tone and endo-
crine secretion are quite well understood. In contrast, the pressure in
the pulmonary circulation is not regulated by the central nervous sys-
tem. During normoxia both at supine rest and during exercise the ves-
sels are very much in a relaxed state with low pulmonary vascular
resistance (PVR) (Kovacs et al., 2012). In resting healthy subjects in
normoxia the pulmonary arterial pressure (PAP) is within a narrow
range, nearly independent of sex, age, race, and posture (Kovacs et al.,
2009). On the other hand, during exercise, this pressure, at least in rel-
ative terms, increases much more than the systemic pressure and this
response depends very much on age (Kovacs et al., 2009). It is well
established that an elevated pulmonary pressure is associated with in-
creasedmortality. This is true not only for pulmonary arterial hyperten-
sion (PAH) (Galie et al., 2009b) but also for patients with chronic
obstructive pulmonary disease (COPD) (Weitzenblum et al., 1981;
Oswald-Mammosser et al., 1995; Antonelli Incalzi et al., 1997; Andersen
et al., 2012; Hurdman et al., 2013), idiopathic lung fibrosis (IPF)
(Hamada et al., 2007; Glaser et al., 2013), cardiomyopathy (Lewis
et al., 2011) and isolated diastolic dysfunction of the left ventricle
(Lam et al., 2009; Burke et al., 2014). However, there aremultiplemech-
anisms that can lead to increased PAP, whichmay be located not only in
the pulmonary vessels but also in the heart, systemic circulation (high
cardiac output), and lung mechanics.

Impressive advances in the understanding of the vascular tone have
beenmade. Manymolecularmechanisms of hypoxia signaling and how
changes in environmental oxygen tension are translated into signals
within the vascular cells have been discovered (Tuder et al., 2013), how-
ever, there are also many unsolved questions. Ion channels play an im-
portant role both in the systemic and the pulmonary vasculature. While
theymay be involved in hypoxic vasodilatation of systemic vessels, they
are instrumental for hypoxic vasoconstriction of the pulmonary arteries
(PA) (Weir & Olschewski, 2006). Indeed, the signal transducers and ac-
tivators of ion channels, exchangers and pumps in the vascular cells

control the vascular tone and diverse cellular processes including Ca2+

homeostasis, cellular growth and apoptosis. In pulmonary vascular dis-
eases, such as PAH, an important role of K+ channels has been suggested
by Yuan et al. in 1998 (Yuan et al., 1998b) and this viewhas been further
supported by the discovery of two-pore domain K+ channels, as the
TWIK-related acid-sensitive K+ channel-1 (TASK-1) controls the resting
membrane potential of human pulmonary arterial smooth muscle cells
(PASMC) (Olschewski et al., 2006). In agreementwith this, mutations in
the KCNK3 gene, which encodes the TASK-1 K+ channel, have been
shown to cause hereditary PAH (Ma et al., 2013; Olschewski et al.,
2013). Changes in the phosphorylation state of this channel by the tyro-
sine kinase (TK) c-Src mediate the hypoxia sensitivity of the channel
(Nagaraj et al., 2013).

In this review, we give an overview on ion channels, exchangers and
pumps and discuss their potential implication in pulmonary vascular
diseases as well as therapeutic strategies.

2. Ion channels and transporters in the pulmonary artery

The ability to maintain intra- and extracellular ion concentrations at
physiological levels is essential for cell homeostasis. Moreover, a con-
trolled ion flux through ion channels and transporters is necessary for
many fundamental physiological processes, including generation of
heart rhythm and function of muscles, immune cells, and nerve cells.
Ion channels and transporters are membrane-bound proteins responsi-
ble for ion flow between the two sides of the cell membrane, as well as
cell organelle membranes. They are selective for a particular ion and are
either constitutively active or modulated by certain stimuli such as sig-
naling molecules or membrane potential changes. Ion channels form a
hydrophilic pore allowing ions to pass through directly; some of them
favor a certain direction of ion flux (inward or outward rectification,
Fig. 1A and B) while others allow both influx and efflux equally, charac-
terized by a nearly linear I–V curve (no rectification, Fig. 1C). Trans-
porters move ions by changing their protein conformation which
requires energy either from ATP hydrolysis or moving another ion
down on its concentration gradient. The resulting changes inmembrane
potential or spatio-temporal changes in the concentration of a certain
ion (e.g. Ca2+ waves) trigger key events like muscle contraction, cell
communication, proliferation and apoptosis.

2.1. Hyperpolarization and resting Ca2+

homeostasis in pulmonary artery smooth muscle cells

The membrane potential of PASMC is an important control mecha-
nism of pulmonary arterial tone and hence arterial diameter. These
cells have a steady or slowly oscillating resting membrane potential
around −65 to −50 mV in vitro (Platoshyn et al., 2004), close to the
predicted equilibrium potential for K+ ions, which is ~−85 mV (at a
physiological extracellular K+ concentration of 5 mM) (Nelson &
Quayle, 1995). High intracellular and low extracellular K+ concentra-
tions are maintained mostly by the Na+/K+ pump function, while the
opening of K+ channels hyperpolarizes the membrane and counterbal-
ances depolarizing forces. The following subsections and the left side of
Fig. 2 give an overview on channels and transporters with hyperpolariz-
ing and/or Ca2+ removing roles.

2.1.1. K+ channels
Various distinct K+ channels have been identified in terms of voltage

dependence, rate of activation and inactivation, as well as pharmacolo-
gy and genetics. At least 8 families of K+ channelα-subunit genes have
been cloned and identified, and each of these families contains a large
number of individual members, which means in total over 60 different
subunits. In the pulmonary vasculature, electrophysiology allows the
characterization of numerous voltage-gated K+ channels (Kv), the
Ca2+-activated K+ channel (KCa), M-type K+ channels, the inward
rectifier K+ channel (Kir), the ATP-sensitive K+ channel (KATP) and
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