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ABSTRACT
Inward rectifier potassium channels (Kir channels) exist in a variety of cells and are involved in 
maintaining resting membrane potential and signal transduction in most cells, as well as con
necting metabolism and membrane excitability of body cells. It is closely related to normal 
physiological functions of body and the occurrence and development of some diseases. 
Although the functional expression of Kir channels and their role in disease have been studied, 
they have not been fully elucidated. In this paper, the functional expression of Kir channels in 
vascular endothelial cells and smooth muscle cells and their changes in disease states were 
reviewed, especially the recent research progress of Kir channels in stem cells was introduced, 
in order to have a deeper understanding of Kir channels in vascular tissues and provide new ideas 
and directions for the treatment of related ion channel diseases.
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Introduction

Potassium ion channels (K+ channels) play 
a crucial role in cellular signaling and are essential 

for maintaining normal cellular function. As 
research on K+ channels continues to advance, an 
increasing number of ion channels have been 
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discovered and thoroughly studied. Inward recti
fier potassium channels (Kir channels) are a type 
of K+ channels that play a critical role in electrical 
signaling in cells. They are ion channels that allow 
the selective passage of K+ across the plasma mem
brane of a cell. These channels are referred to as 
“inward rectifiers” because they are highly selective 
for inward K+ currents, meaning they allow the 
flow of K+ ions into the cell but not out of the cell. 
These channels are responsible for maintaining the 
stability of the excitation and resting membrane 
potential (RP) of excitable tissue cells within living 
organisms, and are critical for the regulation in 
homeostasis, and signal transduction [1]. There 
are currently 15 subtypes of Kir channels that 
have been discovered. These subtypes are classified 
into 7 subfamilies based on their function and 
properties. Additionally, these subfamilies are 
further grouped into 4 functional categories, 
which include classic Kir channels, G-protein- 
gated K+ channels, ATP-sensitive K+ channels, 
and K+ transport channels [2]. The distribution 
and phenotype of Kir channel subtypes vary across 
different cells, resulting in distinct biological func
tions of Kir channels. Recent studies have focused 
on discovering new functions and understanding 
the functional regulatory mechanisms of Kir chan
nels. In this review, we explore the fundamental 
structure, physiological function, and pharmacolo
gical traits of Kir channels. Moreover, we exten
sively explore the roles of Kir channels in both 
vascular smooth muscle cells (VSMCs) and vascu
lar endothelial cells (ECs) and their implications in 
the occurrence and development of various dis
eases. Additionally, a comprehensive overview of 
the current research progress on Kir channels in 
stem cells is provided.

Basic structure, physiological function and 
pharmacological characteristics of Kir 
channels

Kir channels play an essential role in regulating 
various physiological processes, such as neuronal 
excitability, cardiac function, and insulin secretion, 
and are a critically important group of K+ chan
nels. The structure of Kir channels consists of four 
subunits arranged in a tetrameric configuration 
around a central pore. Each subunit comprises 

two transmembrane domains connected by a pore- 
forming loop region. The transmembrane domain 
is composed of outer (TM1) and inner (TM2) 
membrane spanning helices, with two short addi
tional helical elements, the slide and the pore 
helices. Kir channels are distinguished from other 
potassium channels by their biophysical property 
of inward rectification that allows more potassium 
ions to enter into the cell at the membrane poten
tial (Vm) below the equilibrium potential of K+ 

(EK) than to leave the cell at Vm above EK. Kir 
channel structures lack the S4 voltage sensor 
region. As a result, Kir channels are insensitive to 
membrane voltage and would be active at all Vm. 
Additionally, Kir channels have two gating 
mechanisms, the slow gating that opens at long 
intervals and the fast gating that opens in bursts 
[1,3]. The regulation of Kir channels involves both 
the interior and exterior of the transmembrane 
domain, where the hydrogen bond interconnecting 
these domains plays a crucial role in gating all Kir 
channels. The TM1-TM2 hydrogen bond 
(H-bonding) stabilizes the closed state of the chan
nel and its rupture may be one of the rate-limiting 
steps in channel transition between the closed to 
the open conformations. Study showed that this 
proposed H-bonding interaction determines Kir 
channel pH sensitivity, pH and PIP2 gating 
kinetics, as well as a K+-dependent inactivation 
process at the selectivity filter and therefore 
many of the key regulatory mechanisms of Kir 
channel physiology [4]. In addition, the Kir chan
nels feature a columnar structure in the cytoplas
mic domain that is formed by the combination of 
the carboxyl and amino termini of each subunit 
around the cytoplasmic pore, thus enhancing the 
domain’s stability.

Physiologically, Kir channels play a crucial role 
in regulating many cellular processes. They are 
responsible for maintaining RP of cells, modulat
ing the duration and amplitude of action potential, 
and regulating synaptic transmission. Additionally, 
the Kir channel is pivotal in maintaining heart rate 
and rhythm, as well as controlling insulin secre
tion by pancreatic beta cells. Moreover, the signif
icance of Kir channels in vascular tissue cannot be 
overstated and will be discussed below. The differ
ent subtypes of Kir channels exhibit unique prop
erties, distribution patterns, and functions. In 
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cardiac muscle cells, Kir2.1, Kir2.2, and Kir2.3 are 
present and play a crucial role in maintaining RP 
[5]. Vascular ECs and VSMCs express a variety of 
Kir channels, which participate in the regulation of 
vasomotor [6]. In neurons, Kir2.1 is lowly 
expressed, while Kir2.2, Kir2.3, and Kir2.4 are 
abundant and involved in nerve excitability con
duction [7]. The Kir2.x channels are found in 
skeletal muscle cells and are responsible for regu
lating RP and promoting myoblasts’ differentiation 
[8]. The epithelial cells of the kidney rely on Kir 
channels participate in the regulation of vascular 
tone in the glomerular circulation, and they are 
involved in the mechanisms mediating tubuloglo
merular feedback, providing K+ to the Na+-K+- 
2Cl− cotransporter and generate a lumen-positive 
transepithelial voltage [9].

Pharmacologically, multiple substances play 
a crucial role in regulating the activity of Kir 
channels. Both the transmembrane and cytoplas
mic regions of Kir channels are affected by Mg2+ 

and polyamines, which physically prevent K+ 

penetration [10]. Additionally, an increase in 
extracellular K+ concentration can enhance the 
activation of Kir channels. Kir channels are 
responsive to Ba2+ and Cs+ and can be effectively 
blocked by these elements. However, it is worth 
noting that different subtypes of Kir channels 
exhibit varying degrees of sensitivity to these inhi
bitors, with the disparity being attributed to the 
heterogeneous assembly of kir2.x subunits [1]. 
Studies have also shown that Mepyramine and 
Diphenhydramine can both block kir2.x channels, 
although their action is not subtype-specific. 
Chloroquine, on the other hand, is known to 
interact with polyamine binding sites in the cyto
plasmic region to block kir2.1 channels and poten
tially cause arrhythmia [11]. Furthermore, 
N-[(4-Methoxyphenyl) methyl]-1-naphthalene
methanamine Hydrochloride (ML133) has been 
found to selectively inhibit kir2.x channels and 
depolarize the membrane in a dose-dependent 
manner. The proper activation of Kir channels is 
dependent on the presence of phosphatidylinositol 
4, 5-biphosphate (PIP2), which plays a critical role 
in regulating ion channels. This distinctive feature 
is further reinforced by the unique gating proper
ties of Kir channels [12]. It is crucial to emphasize 
that the absence of PIP2 significantly affects 

various Kir channels, leading to a significant 
reduction in their activity. These findings suggest 
that PIP2 plays an essential role in maintaining 
normal activity of these channels [13]. 
Additionally, regulation of Kir channel pores 
involves pH reduction [14], protein kinase phos
phorylation [1,15], and protein-protein interac
tions [16,17]. As a potential therapeutic target for 
various diseases, Kir channels have proven to be 
effective in the treatment of arrhythmias and 
hypertension through the use of certain medica
tions that block the channels. Zacopride is a drug 
that activates Kir2.1 channels and shows promise 
in its potential as an antiarrhythmic agent [18]. 
However, inhibiting Kir channels with specific 
drugs like sulfonylureas and glinides has also 
been shown to improve insulin secretion in 
patients with type 2 diabetes.

The significance of Kir channels in VSMCs and 
their expression and functional changes in 
the context of diseases

Fundamental expression and traits of Kir 
channels in VSMCs

Numerous studies have demonstrated that Kir 
channels are prevalent in various cell types, ran
ging from excitatory to non-excitatory cells, and 
including VSMCs [19]. In the absence of external 
depolarization factors, such as pressure or vaso
constrictors, these channels remain open and help 
regulate Vm of arteries. The most relevant Kir 
channels to the vascular system are those from 
the Kir2.x (strong inward rectification) and Kir6. 
x (weak inward rectification) subgroups. In the 
cerebral and coronary arteries, Kir2.1 was found 
to be the most dominant channel expressed, while 
in the mesenteric artery, Kir2.1, Kir4.1, and Kir6.1 
were found to be the most heavily expressed chan
nels. According to reports, Ba2+ and Cs+ can spe
cifically inhibit the Kir channel in SMCs, and the 
blocking effect is dependent on time and voltage 
[20]. Tennant et al [21] conducted a study on Kir 
channels in cultured human pulmonary artery 
smooth muscle cells (HPASMCs) and compared 
them to cloned Kir2.1 and Kir2.4 channels. They 
discovered that Kir current could be recorded in 
HPASMCs under physiological K+ gradient, and 
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its current amplitude and reversal potential were 
sensitive to extracellular K+ concentration. The 
concentration of Ba2+ at 100 μM was found to 
have a significant impact on the inward current 
and Vm of HPASMCs, leading to a depolarization 
of approximately +10 mV. In the presence of 60  
mM extracellular K+, Ba2+ was able to block the 
Kir current on HPASM cells, with a 50% inhibi
tion concentration of 39.1 μM at a Vm of −100  
mV, while for Kir2.1 and Kir2.4 clones, the 50% 
inhibition concentrations were noted as 3.9 μM 
and 65.6 μM at a Vm of −100 mV, respectively. 
Despite this, some K+ channel inhibitors such as 
4-aminopyridine (4-AP) or tetraethylammonium 
(TEA) were found to have a negligible effect on 
Kir channels. It is pertinent to note that small 
resistance arteries in structures like the brain and 
coronary arteries experienced activation of Kir 
channels upon the increase of extracellular K+ 

concentration to 15 mM [22]. This increase in K+ 

concentration plays a crucial role in K+ mediated 
vasodilation. Targeted destruction of Kir2.1 and 
Kir2.2 genes has revealed the indispensability of 
Kir current in mediating K+ induced vasodilation. 
As such, studies have identified the Kir2.1 gene as 
necessary for Kir current and K+ induced cerebral 
artery dilation in arterial smooth muscle [23].

The physiological functions of Kir channels in 
VSMCs

Arteries are comprised of two key types of cells, 
VSMCs and ECs, which work together in close 
coordination. Similar to cerebral arteries, both 
SMCs and ECs can detect specific blood flow pat
terns and work in tandem to regulate basal tension 
and cerebral blood flow. The establishment of 
arterial tension is intricately linked to Vm of the 
artery and the ion channels located on its mem
brane. Among these channels, Kir channels with 
robust inward rectification features are particularly 
critical [24].

The RP of VSMCs plays a crucial role in reg
ulating cytoplasmic calcium levels and therefore 
the vascular tone. It is well established that there 
are variations in RP across different layers of the 
vasculature. In 2015, Yang et al [25] researched the 
underlying mechanism of RP heterogeneity in var
ious vascular layers. They conducted 

a comparative analysis to examine the differences 
between the RPs of guinea pig spiral modiolar 
artery, brain arterioles, and mesenteric arteries, as 
well as the variations in the motor features of 
arteries. Their findings indicated that all three 
vessels exhibited strong Kir2.1 and Kir2.2 tran
scripts, as well as Kir2.1 immune markers. 
Nonetheless, the levels of Kir2.3 and Kir2.4 tran
scripts differed. They hypothesized that 
a subgroup of VSMCs in these vessels functionally 
express the Kir2.x channel, which forms the basis 
for the more negative RPs of ECs in these vessels. 
The varied bimodal RPs observed in these arter
ioles can be attributed to the heterogenous Kir 
channel function. The rapid regenerative exchange 
between the two RP states dependent on Kir chan
nels may be a significant mechanism for the gen
eration of vasomotor conduction/diffusion along 
the arteriolar axis. Lee et al [26] conducted a study 
on the regulatory effect of K+ channels on RP in 
gastric smooth muscle (HGCS). The results indi
cated that TEA and charybdotoxin had no impact 
on RP, indicating that the large conductance cal
cium-activated potassium channel (BKCa) did not 
play any role in regulating RP. The small conduc
tance calcium-activated potassium channel (SKCa) 
selective blocker, Apamin, had no significant effect 
on membrane excitability. The Kv channel 
blocker, 4-AP, led to depolarization and increased 
the duration of the slow-wave potential. The study 
also found that Kv1.2 and Kv1.5 were present in 
human HGCS. The KATP blocker, Glibenclamide, 
did not induce depolarization, but the KATP 
opener, nicorandil, hyperpolarized HGCS, indicat
ing that KATP was expressed but not fundamen
tally activated in HGCS. Notably, the study found 
that a low concentration of Kir blocker Ba2+ could 
induce significant depolarization of HGCS. Kir2.1 
mRNA was expressed in HGCS, and Ba2+ sensitive 
current was expressed in the whole cell configura
tion. These findings suggest that the Kir channel is 
the only K+ channel that regulates RP in HGCS.

Fine-regulated processes are essential for main
taining cerebral blood flow, which depends on 
coordinated changes in arterial tone. In 2007, Wu 
et al [27] conducted a study on Kir channels, 
which are stimulated by depolarization and regu
lated by vasoactive stimuli. These stimuli are 
known to constrict intact cerebral arteries. Their 

4 C. LI AND Y. YANG



preliminary experiments revealed that Ba2+ sensi
tive Kir currents in cerebral arterial VSMCs were 
activated within the physiological range of Vm. 
Inhibition of these currents resulted in arterial 
depolarization and contraction. Interestingly, 
depolarization and vasoconstrictive agonists did 
not have a significant effect on whole-cell Kir 
channel activity. However, hyposmotic challenge 
stimulation, which activated mechanically sensitive 
ion channels, led to the rapid and sustained inhi
bition of Kir currents. This finding suggests that 
mechanical stimulation plays a vital role in regu
lating the electrical and mechanical state of intact 
cerebral arteries by regulating protein kinase 
C (PKC) and Kir channel activity. Smooth muscle 
Vm plays a crucial role in this process, and Kir 
channels are believed to be a critical determiner. In 
order to better understand the role of Kir2.1 chan
nels in cerebral artery tone development, 
Kowalewska et al [28] investigated the electrical 
and functional properties of vascular cells, blood 
vessels, and living tissues in tamoxifen-induced 
SMC-specific Kir2.1 knockout mice. The results 
indicated that the expression of Kir2.1 decreased 
significantly following knockout, while the expres
sion of Kir2.2 was significantly more abundant. It 
was found that cerebral arterial myocytes exhibited 
a robust Ba2+ sensitive inward recirculating K+ 

current, which was observed regardless of whether 
Kir2.1 was present or knocked out. Interestingly, 
the myogenic response and K+ induced dilation of 
cerebral arteries remained uninhibited after 
knockout, leading to the conclusion that Kir2.2 
played a more pivotal role in the functionality of 
SMCs. Studies have revealed that extracellular K+ 

acts as a speedy and efficient vasodilator. Recent 
research highlights the role of K+ release from 
astrocytic endfeet, which envelop the entire par
enchymal vasculature, in the dynamic control of 
local cerebral blood flow (CBF) during neurovas
cular coupling (NVC). In 2015, Longden et al [29] 
put forward the hypothesis that vascular Kir chan
nels are the primary extracellular K+ sensors that 
regulate CBF. They proposed that K+ is an ideal 
mediator of NVC, and Kir channels serve as effec
tors responsible for producing swift hyperpolariza
tion and robust vasodilation of cerebral arterioles. 
Furthermore, they suggested that Kir channels, 
particularly those of the Kir 2 subtype, are located 

in both ECs and VSMCs of parenchymal arter
ioles. This dual positioning of Kir 2 channels 
enhances the potency of vasodilation in response 
to external K+. Recently, researchers [24,30] have 
made significant progress in understanding how 
cerebral arteries perceive hemodynamic changes. 
They have confirmed the prior findings [31–34] 
pertaining to the interaction between membrane 
lipids and Kir2.x channels that enable detection of 
alterations in the environment. Through their 
experiments, the team has demonstrated that the 
presence of PIP2 and cholesterol interacting with 
Kir2.x may respectively stabilize the channel in 
either the open or silent state. This interaction is 
critical in enabling specific channel populations to 
sense hemodynamic stimuli and trigger vasomotor 
responses, which regulate the basal perfusion 
forces in brain circulation.

Remarkably, Kir channels have also been 
identified in human bronchial SMCs [35], cor
onary arteries cells (CASMCs) [36], renal arter
ioles [37–39] and bladder small arteries [40]. 
These findings hold great potential for the 
advancement of novel therapies that focus on 
targeting Kir channels across different cell 
types. By doing so, it is believed that vascular 
tone function can be effectively enhanced, ulti
mately treating a range of cardiovascular dis
eases. In the study of the regulatory role of 
Kir, Park et al [36] investigated the effect of 
the vasoconstrictor angiotensin II (Ang II) on 
the whole-cell Kir current in SMCs isolated 
from small-diameter (<100 µm) CASMCs. They 
found that PKCα, not PKCβ, was expressed in 
small-diameter CASMCs, and Ang II inhibited 
the Kir channels by activating PKCα through the 
AT-1 receptor. The afferent and efferent arter
ioles regulate the inflow and outflow resistance 
of the glomerulus, acting in concert to control 
the glomerular capillary pressure and glomerular 
filtration rate. Research has revealed [37] that 
Kir2.1 mRNA and antibody markers are 
expressed by both types of renal vessels, along 
with inward Kir currents. Nonetheless, this cur
rent solely influences the reactivity of one type 
of arteriole to regulation by the other arteriole. 
The presence of Kir in output arterioles (a kind 
of resistance vessel that is not impacted by Vm) 
implies a novel function of this channel in the 
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renal microcirculation. Chilton et al [38] inves
tigated the role of Kir channels in the interlob
ular arteries (ILA) of the kidney. Their patch 
clamp experiments showed that myocytes in the 
incoming arterioles and distal ILAs exhibited 
similar large Kir currents, whereas these currents 
were absent in the proximal ILA myocytes. Kir 
current density was negatively correlated with 
the diameter of the ILA segment. They also 
confirmed that the myogenic response pattern 
of the ILA was consistent with the distribution 
of Kir currents (i.e. distal > intermediate > prox
imal), thus validating the increase in myogenic 
responsiveness of Kir channels with decreasing 
vessel diameter from the proximal to distal 
regions. Liu et al [39] studied the role of pros
taglandins in regulating Kir activity in rat renal 
interlobar arteries (RIRAs). They measured 
intracellular Ca2+ concentration ([Ca2+]i) and 
Kir currents in freshly isolated RIRAs VSMCs, 
and the expression of Kir2.1 in RIRAs. They 
found that BaCl2 induced RIRAs contraction in 
a concentration-dependent manner and elevated 
[Ca2+]i levels. In both resting and stimulated 
RIRAs, cyclooxygenase inhibition and throm
boxane-prostaglandin receptor (TP) antagonism 
inhibited BaCl2-induced RIRA contraction, while 
nitric oxide synthase inhibition and de- 
endothelialization enhanced RIRA contraction. 
Tykocki et al [40] conducted a study on the 
role of Kir in regulating bladder vascular reac
tivity. They analyzed the myogenic activity of 
mouse bladder small arteries (BFAs) and the 
currents of cells isolated from them, and con
cluded that the activation of Kir channels could 
partially explain the dysregulation of hyperpolar
ization and associated BFAs. They suggested that 
the regulation of bladder vascular tone is inde
pendent of pressure, as pressure-induced depo
larizing conductance cannot overcome the 
hyperpolarization mediated by Kir2.1. 
Additionally, researchers conducted a study to 
examine the functional activity of Kir channels 
and the impact of channel blockade on acetyl
choline-induced vasodilation, a crucial measure 
of cellular communication, in the blood vessels 
supplying the hamster’s stretch muscle. Their 
findings indicate that smooth muscle Kir chan
nels have a significant role in promoting 

intercellular communication in the resistance 
arteries of skeletal muscle [41].

Compensatory changes of Kir channels in VSMCs 
during pathological conditions

Enhanced activity and expression of Kir channels 
in vascular tissues have been associated with var
ious pathological conditions. Essential hyperten
sion is often characterized by heightened vascular 
tone, which can be attributed to depolarization of 
VSMCs and shifts in the expression of ion chan
nels that facilitate arterial constriction. Tajada et al 
[42] conducted a study that measured mRNA 
expression levels of Kir channels in various vascu
lar beds of both phenotypically selected hyperten
sive (BPH) and normal blood pressure mice, and 
evaluated their current contribution to VSMCs 
excitability and mesenteric artery vascular tone. 
Their research suggested that reduced KATP cur
rent could be a significant factor in the remodeling 
of VSMCs in essential hypertension. Normal 
endothelium-dependent hyperpolarization (EDH) 
is mediated by SKCa and the intermediate con
ductance calcium-activated potassium channel 
(IKCa) within the endothelium that leads to vaso
dilation. In addition to electrical transmission 
through the smooth muscle-endothelial space 
junction, K+ released from the endothelium 
increases Kir conductivity of SMCs, which pro
motes EDH. Researchers [43] studied EDH- 
dependent relaxation of coronary arteries (CAS) 
and Kir currents in VSMCs in disease states like 
hypertension. Their findings confirmed 
a significant increase in Kir in CASMCs in SHR 
animals, suggesting that this compensation 
mechanism may partially offset the weaker relaxa
tion of coronary vessels via endothelial SKCa and 
IKCa channels.

Functional adaptive enhancement of Kir chan
nels has been observed in other cardiovascular 
disorders. A study by Park et al [44] in 2005 
investigated the impact of acute hypoxia on Kir 
currents in rabbit coronary VSMCs and found that 
the currents were altered in response to acute 
hypoxia. It was observed that hypoxia triggered 
a rise in Kir currents in coronary VSMC through 
cyclic adenosine monophosphate (cAMP)- and 
protein kinase A (PKA)-dependent signaling 
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cascades, which could assist in deciphering 
hypoxia-induced coronary vasodilation. It is 
reported that the amplitude of K+ current in 
mouse epigastric SMCs increased with age, rein
forcing the integral role that Kir channels play in 
regulating RP and vasomotor tension. This 
increase in Kir current in older mice may serve 
to compensate for functional alterations in the 
abdominal wall superior epigastric arteries caused 
by aging. Tajada et al. also observed an upsurge in 
functional expression of Kir channels in the resis
tance artery smooth muscle cells of older mice 
skeletal muscle. This adaptation in response to 
aging may contribute to maintaining vasomotor 
tone and regulating blood flow during exercise. 
Spasticity in cerebral vessels has been reported in 
patients following subarachnoid hemorrhage 
(SAH). Weyer et al [45] investigated the mechan
ism of vasospasm, with a focus on the role of Kir 
channels. Their findings revealed an increase in 
both mRNA and protein expression of Kir 2.1 
during vasospasm after SAH, which suggests that 
this increase is a functional adaptive response that 
aids in reducing vasospasm.

However, decreased expression and dysfunction 
of Kir channels in disease states have also been 
reported. In a study conducted by Bastide et al 
[46], Kir channels were observed in the cerebral 
VSMCs of spontaneous hypertensive stroke 
(SHRsp) rats and spontaneous hypertensive rats 
(SHR). The findings demonstrated that VSMCs 
obtained from SHRsp rats exhibited a significant 
and gradual reduction in Kir channel current den
sity from 22 weeks of age, while the control rats 
maintained a stable Kir current density during the 
same period. This suggests that progressive 
damage to the Kir channels occurred in the cere
bral VSMCs of SHRsp rats, leading to a decrease in 
Kir current density. Kim et al [47] discovered 
a decrease in Kir and Kv currents in coronary 
VSMCs of rats with pulmonary hypertension. 
The reduced Kir in septal branches of coronary 
SMCs indicates that, in the presence of heightened 
myocardial activity, the septal region becomes less 
effective in responding to vasodilation with mod
erate increases in extracellular K+ concentration. 
Sancho and his colleagues [48] observed limited 
expression of the Kir2.x channels in the human 
arteries of epileptic patients, which consequently 

has minimal impact on resting tone or the spread 
of vasomotor response. They propose that the 
absence of significant expression of Kir2.x may 
contribute to chronic cerebral stress in the epilep
tic cortex, thereby suggesting a close link between 
Kir channels and the pathogenesis of epilepsy. 
Longden et al [29] revealed the deleterious impact 
of stress on neurovascular coupling (NVC) and 
demonstrated that stress weakened the vasodila
tory effect of arteriolar parenchymal vessels (PAs) 
on neuronal stimulation, while diminishing the 
vasodilation response of isolated PAs to extracel
lular K+. This was attributed to deficient smooth 
muscle Kir channel function in the ability to pro
mote vasodilation, as evidenced by a decrease in 
Kir2.1 mRNA and smooth muscle Kir current 
density in PAs under stress conditions. The 
authors proposed that glucocorticoid signaling 
pathways induced by stress played a role in imped
ing cerebrovascular Kir channel opening and con
sequently destroyed neurovascular coupling.

The main findings in functional expression of 
Kir channels in VSMCs and their changes under 
pathological influences were summarized in 
Figure 1.

The significance of Kir channels in vascular 
ECs and their expression and functional 
changes in the context of diseases

Fundamental expression and traits of Kir 
channels in vascular ECs

Studies have revealed that ECs exhibit a diverse 
range of K+ ion channels, including the Kir chan
nels of the inward rectification family. These chan
nels play a vital role in regulating vascular tone 
and controlling arterial blood pressure, and their 
electrophysiological properties, activation mechan
isms and vascular wall expression are closely asso
ciated with these functions [49]. In 2003, Crane 
and his colleagues [50] conducted a study on the 
distribution of Kir channels in rat mesenteric 
arterioles using enzymatic isolation cells. Their 
findings indicated that Kir currents were exclu
sively present in the endothelial layer of rat mesen
teric arterioles, with 30 μM BaCl2 effectively 
blocking Kir currents in these ECs. Conversely, 
no Kir currents were detected in VSMCs. An 
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explanation for the apparent failure to detect cur
rent through Kir was that the channels were either 
very small or required agonist stimulation in order 
to be detected. The different K+ channel profiles 
reflect a real difference in the distribution of ion 
channels between SMCs and ECs of the mesenteric 
artery. In 2005, Fang et al [51] determined the 
composition of Kir2.x in human aortic endothelial 
cells (HAECs). They discovered that Kir2.1, Kir2.2, 
Kir2.3, and Kir2.4 were all expressed in HAECs. 
Additionally, it was found that Kir2.1 and Kir2.2 
play a crucial role in determining the endogenous 
K+ conductance of HAECs while Kir2.2 is the 
primary conductance. Climent et al [52] investi
gated gap junction coupling in an integrated intact 
preparation and tested whether Kir channels mod
ulate RP conductance in “in situ” ECs. The results 
suggest that the ECs layer of a large artery is 
electrically coupled, and Kir channels play an 
important role in RP in in situ ECs. In 2011, 
Jang et al [53] discovered Kir current in endothe
lial progenitor cells (EPCs) using whole-cell patch 
clamp technology. They found that the current 
was inhibited by 100 μM Ba2+ and 1 mM Cs+ and 
the inhibition resulted in endothelial cell 

depolarization. The study demonstrated that sev
eral subtypes of Kir channels, including Kir2.x, 
Kir3.x, Kir4.x, and Kir6.x, are present on endothe
lial cells. Furthermore, inhibition of Kir2.1 pro
moted the proliferation of EPCs. Multiple studies 
have indicated that capillary endothelial cells 
express Kir2.1 and Kir2.2, and may also express 
Kir2.3. William et al. have identified the presence 
of Kir2.1 protein on rat and mouse arteriole ECs, 
revealing it to be the fundamental Kir channel 
subunit expressed in both rat and mouse micro
vascular ECs [54]. Moreover, research has demon
strated that pulmonary artery endothelial cells 
(PAECs) primarily express Kir2.1 currents and 
that Kir2.1 channels are targeted by intracellular 
signaling mechanisms that are dependent on cal
modulin (CaM)-dependent protein kinase II 
(CaMKII) [55].

Physiological functions of Kir channels in 
vascular ECs

Research indicates that an increase in extracellular 
K+ concentration triggers the activation of Kir 
currents. These channels sense variations in 

Figure 1. The Kir channels on SMCs regulates vasomotor activity. The Kir channels found on VSMCs are essential for regulating 
vasomotor activity, and their impact is even more pronounced in pathological conditions. Ang II: angiotensin II; AT1R: cAMP: cyclic 
adenosine monophosphate; PKA: Protein kinase A; PKC: Protein kinase C.
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extracellular K+ concentration, causing the mem
brane to become hyperpolarized and increasing 
the hyperpolarization created by other K+ channels 
and ion transporters. This amplification aids in 
regulating the Vm of ECs and other microvascular 
functions [54]. The preservation of the blood- 
brain barrier, formed by brain capillary endothelial 
cells (BCECs), is critical to ensuring proper brain 
homeostasis. Studies reveal that the activation of 
kir2.1 channels fosters the establishment of 
a deeply negative RP in BCECS-derived 
t-BBEC117 cells. This has been found to regulate 
the death of t-BBEC117 cells, indicating that an 
increase in Kir2.1 levels during pathological states 
can induce cell stress-induced death of BCECs 
cells [56]. Moreover, Fancher et al [57] discovered 
that fluid shear stress activated Kir2.1 channels in 
vascular ECs to induce downstream signal 
changes, leading to resistance artery vasodilation 
and serving a crucial role in atherosclerosis devel
opment. Furthermore, the expression of Kir2.1 
channels in mesenteric artery ECs was found to 
mediate their response to external K+ ion concen
tration, impacting vasodilation. Inhibition or 
knockout of Kir channels can weaken endothe
lium-dependent vasodilation. To investigate the 
role of the Kir channel in the physiological 
response of ECs to blood flow, Ahn et al [6] 
examined the effects of the Kir2.1 channel on 
primary ECs from mouse mesenteric arteries. 
The study revealed that the Kir2.1 channel regu
lated vascular resistance and blood pressure, inhib
ited flow-induced vasodilation in human 
microvessels, and participated in mesenteric artery 
flow-induced vasodilation (FIV) in mice by affect
ing NO production. It has been discovered that in 
mice with endothelium-specific Kir2.1 knockout, 
mesenteric artery FIV was significantly decreased, 
indicating that Kir2.1 is a regulator of resistive 
artery FIV.

Endothelial cells are tightly electrically coupled 
to their neighboring cells by gap junctions allow
ing ion channel-induced changes in Vm to be 
conducted for considerable distances along the 
endothelial cell tube that lines arterioles and 
forms capillaries. According to research, Kir chan
nels in mouse mesenteric arteries are also capable 
of transmitting electrical signals to superior arter
ioles through cell-cell conduction and can 

participate in vasodilation [54]. Numerous studies 
have highlighted the potential of Kir channels in 
ECs to enhance vascular dilatation induced by an 
increase in Ca2+ and activation of IKCa/SKCa 
channels, leading researchers to suggest that Kir 
channels could be targeted for the treatment of 
endothelial dysfunction [58]. Recent work by 
Jackson [54] summarized the expression of 
a range of ion channels by ECs at different sites 
within the microcirculation, with these ion chan
nels playing a crucial role in ECs communication 
via heterocellular gap junctions. The electrical sig
nals generated by ECs ion channels are trans
mitted to overlying mural cells, such as pericytes 
or VSMCs, where they can impact contractile 
activities. The process may involve the amplifica
tion of hyperpolarization induced by IKCa and 
SKCa activation via Kir channels.

Compensatory changes of Kir channels in ECs 
during pathological conditions

Previous research has demonstrated that EDH 
induces hyperpolarization and vasodilation, and 
can spread throughout the endothelium in mesen
teric arteries of rats. However, this response is 
weakened in SHR rats, and the same effect can 
be elicited through inhibition of Kir channels 
[59]. Although downregulation of Kv7.x has been 
observed in arterioles of hypertensive animals, its 
role in blood pressure regulation remains unclear. 
Moreover, alterations in the expression and activ
ity of Kir and KATP channels within the vascular 
system of animal models with obesity have been 
shown to be associated with vasodilation [60]. 
Further studies have shown that aging altered cer
ebrovascular endothelial GPCR and K+ channel 
function, and that the effect of Kir channels on 
Vm in male endothelial cells was slightly lower 
than that in female cells. As individuals aged, the 
contribution of Kir channels in both sexes gradu
ally declined, which was related to endothelial 
dysfunction [61].

The expression, function associated with 
impaired vasodilatation, and sensitivity of vascular 
K+ channel subtypes are impaired in individuals 
with obesity and metabolic syndrome, leading to 
dysfunction of both smooth muscle and endothe
lium [62]. It has been shown that endothelial 
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dysfunction in hypercholesterolemia is associated 
with cholesterol-induced Kir2.1 inhibition [6]. 
This inhibition is believed to reduce flow-induced 
NO production and vasodilation, leading to 
further vascular complications. Interestingly, 
Kir2.1 has been found to have a protective role 
in the occurrence and development of athero
sclerosis [63]. Ahn et al [62] tested EC Kir channel 
in normal and high fat fed mice, and discovered 
that down-regulation of Kir2.1 resulted in reduced 
vasodilation in the subcutaneous fat artery. 
Obesity has been shown to reduce the sensitivity 
of Kir channels in the ECs of visceral adipose 
arteries to shear force, and to significantly alter 
the structure of the glycocalyx. However, endothe
lial Kir2.1 differently in ECs of visceral and sub
cutaneous fatty arteries. Studies have revealed that 
in vivo hypercholesterolemia inhibits ECs Kir cur
rents, and in vitro, high cholesterol lipoprotein 
inhibits Kir currents [64]. Alaaeddine et al [65] 
investigated the mechanism of endothelial injury 
in prediabetes and discovered that non-obese 
high-calorie-fed rat (HC-rat) models had 
decreased expression of Kir channels, increased 
ROS, and reduced eNOS activity. Aortic relaxation 
in HC-rat tissues, sensitive to NOS inhibition, was 
not affected by blocking Kir channels. In HC- rats 
with reduced serum cholesterol, Kir channel 
expression, endothelium-dependent relaxation, 
and BaCl2 sensitive components were improved, 
and ROS was decreased in vitro. They suggested 
that early metabolic challenge leads to reduced 
Kir-mediated endothelium-dependent hyperpolar
ization. Subsequently, Fancher et al [66] found 
that functional downregulation of endothelial 
Kir2.1 in mice decreased the response of mesen
teric artery to blood flow, overexpression of Kir2.1 
restored the blood flow response, and the sensitiv
ity of Kir channel to blood flow in obese mice 
almost disappeared. The result indicated that the 
length of glycocalyx was also related to the activa
tion of Kir channels, and the intraarterial glycoca
lyx became hard and thin in obese mice.

The Kir channel plays a crucial role in regulating 
neurovascular vasodilation. These channels are 
responsible for regulating the resting state of cells 
and the distance that electrical signals travel along 
arterial walls in the brain’s circulation. However, the 
expression of Kir2.x channels has been found to be 

limited in the cerebral arteries of epileptic patients, 
which can negatively impact the resting tone and 
vasomotor response diffusion [48]. In addition to 
epilepsy, Alzheimer’s disease (AD) and cerebrovascu
lar disease (CVD) also affect Kir channel function in 
ECs. Without substantive expression, Kir2.x channels 
were unable to govern arterial tone or conduction. 
The damage is attributed to oxidative stress and 
inflammation. The results of vascular endothelial Kir 
channel-mediated K+ induced arterial dilation 
showed that oxidative stress and inflammation 
impaired the flow-activation of Kir, particularly the 
Kir2.1 channel. This impairment reduced vasodilation 
response, while inflammation induced overexpression 
of Kir2.1 in mice [67]. In their research, Hakim and 
colleagues discovered a decrease in the G-protein- 
coupled receptors and Ca2+ activated potassium chan
nels (SKCa and IKCa) and Kir2.x channels during 
progressive AD pathology. Using newly isolated ECs 
of rat posterior cerebral artery, they determined that 
the function of SKCa/IKCa channels in male cerebral 
vascular ECs was enhanced by about 20% during the 
pathological process of AD, while that in females 
remained stable. Vascular Kir channels, which regu
late cerebral blood flow and perfusion, were found to 
be interdependent with SKCa channel activation. 
However, the contribution of the Kir channel to Vm 
in AD decreased by about 50% compared to young 
age, which may be due to changes in membrane lipid 
and cholesterol content in the development of AD 
[68]. Recent studies have reported on the impact of 
Kir channel activity on ECs coupling before and 
during AD. The findings indicate that Kir channel 
activity in brain ECs can regulate the bidirectional 
propagation of vascular response signals during AD 
pathology, thereby enhancing the regulation of ECs 
coupling [69].

The main findings in functional expression of 
Kir channels in vascular ECs and their changes 
under pathological influences were summarized 
in Figure 2.

Kir channels and stem cells

Stem cells possess the remarkable ability to con
tinuously grow and renew themselves, and are 
capable of developing into diverse types of mature 
tissue cells. Within the blood vessel wall, vascular 
resident stem cells exist within all three layers, 
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contributing to the formation of blood vessels in 
normal physiological scenarios, while also playing 
a role in remodeling them during pathological 
conditions. The impact of some ion channels on 
stem cell function has been previously documen
ted [70]. Although the existence of Kir channels on 
stem cells has not been extensively studied, there is 
some evidence to suggest their presence.

In 2011, Jang et al [53] published a study on the 
functional expression of Kir channels in endothe
lial progenitor cells (EPCs). The researchers dis
covered that Kir currents in EPCs were inhibited 
by Kir blockers, in a dose-dependent manner. 
Specifically, at a Vm of −140 mV, Ba2+ (100 μM) 
inhibited 91.2 ± 1.4% of the current, while Cs+ (1  
mM) inhibited 76.1 ± 6.9% of the current. 
Furthermore, using DiBAC(3) – a fluorescent indi
cator of Vm – the researchers demonstrated that 
Ba2+ induced fluorescence enhancement of EPCs 
(at 10 μM, 123 ± 2.8%), which suggested depolar
ization of EPCs. In conducting functional experi
ments, they discovered that the presence of Ba2+ 

resulted in a dose-dependent decrease in the num
ber of tubes formed by EPCs on Matrigel. 
Additionally, the proliferation of EPCs showed 
a corresponding dose-dependent increase, with 
specific inhibition of Kir2.1 achieved by small 

interfering RNA yielding further promotion of 
EPCs proliferation. These findings strongly suggest 
that multiple types of Kir may be expressed in 
EPCs, enabling them to regulate endothelial func
tion and proliferation of ECs effectively. It has 
been reported that controlling the Kir channel of 
EPCs can regulate their endothelial function and 
proliferation. When Kir2.1 channels are inhibited, 
EPCs undergo depolarization, which induces 
autophagy and promotes differentiation into ECs. 
Conversely, the activation of Kir2.1 channels leads 
to EPCs hyperpolarization. In addition, the Akt/ 
mTOR/Snail signaling pathway is activated to 
induce EPC transdifferentiation into mesenchymal 
cells, specifically pericytes, which can regulate and 
maintain stemness [71]. Researchers have discov
ered that slightly increasing the expression of 
Kir2.1 leads to the promotion of stem cell cyto
kines ZFX and NS, as well as the inhibition of age- 
related β-galactosidase. Additionally, the study 
revealed that the upregulation of Kir2.1 also results 
in an increase in pericellular markers, such as 
NG2, PDGFRβ and Desmin. Using adenoviral- 
mediated overexpression, the researchers found 
that Kir2.1 enhances the norepinephrine contrac
tile response of EPCs. Furthermore, the study sug
gests a crucial connection between the Kir2.1 

Figure 2. The Kir channels on vascular ECs regulates vasomotor activity. The Kir channels found in vascular ECs are essential for 
maintaining proper vasomotor activity. However, their function can be compromised under pathological conditions. EDH: endothe
lium-dependent vasodilation; IKCa: Intermediate conductance calcium-activated potassium channel; SKCa: Small conductance 
calcium-activated potassium channel.
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channel’s activity and EPCs’ transdifferentiation 
into mesenchymal cells, specifically pericytes. 
This process is further facilitated through the acti
vation of the Akt/mTOR/Snail signaling pathway, 
promoting EPCs’ endothelial to-mesenchymal 
transition (EndoMT). The Kir channel-specific 
inhibitor ML133 was employed to inhibit Kir2.1, 
and the results showed that inhibition or knock
down of Kir2.1 led to changes in Vm, which in 
turn promoted adhesion and migration of rat bone 
marrow-derived EPCs (BMEPCs). Furthermore, 
ML133 or Kir2.1shRNA treatment enhanced NO 
production and capillary formation and facilitated 
BMEPC differentiation into ECs. Following trans
plantation in ML133 pretreated EPCs or Kir2.1 
knockout EPCs, there was a decrease in neointima 
formation post-arterial injury [72].

Although there is limited research on Kir in 
vascular stem cells, studies on other types of stem 
cells have provided insights into the potential roles 
and mechanisms of Kir in stem cell biology. In 
fact, bone marrow mesenchymal stem cells (MSCs) 
are believed to offer great potential as a cell source 
for cardiomyoplasty. According to research by Tao 
et al [73], who utilized patch clamp technique, RT- 
PCR and western blotting, undifferentiated MSCs 
from mice were found to possess three types of ion 
channels: KCa, Kir and chlorine ion channels 
(Cl−). This team identified corresponding ion 
channel genes and proteins in these cells, which 
were KCa3.1 for KCa, Kir2.1 for Kir and Clcn3 for 
Cl. The study sought to assess the impact of long- 
term in vitro culture on ion channels of human 
MSCs (hBM-MSCs). Specifically, the experiment 
involved culturing cells from eight patients with 
amyotrophic lateral sclerosis (ALS) for ten genera
tions. Although all hBM-MSCs had multiple MSC 
markers, differences in the distribution of func
tional ion channels were observed across cells. 
Notably, four types of K+ currents were identified 
in the cells- noisy Ca2+ activated K+ current, tran
sient outward K+ current, delayed rectifying K+ 

current, and Kir current. Besides, TTX-sensitive 
Na+ current was recorded during the experiments. 
Hinard et al [74] have reported that the earliest 
detectable event leading to human myoblast differ
entiation is the up-regulation of Kir2.1 channel 
activity, which causes a negative shift, or hyperpo
larization, of RP of myoblasts. They have found 

that while the Kir2.1 channel is already present on 
the cell membrane of proliferating, undifferen
tiated human myoblasts, it remains silent until 
dephosphorylation of tyrosine site 242 on the 
Kir2.1 channel protein triggers differentiation. 
Andersen’s syndrome is a rare disorder that affects 
muscles, bones, and the heart, and it is caused by 
mutations that result in the loss of function of 
Kir2.1. Scientists have utilized induced pluripotent 
stem cells from Andersen’s syndrome to investi
gate the cellular and molecular events that occur 
during osteoblastic and chondrogenic differentia
tion. The research has revealed that the loss of the 
Kir2.1 channel disrupts the bone morphogenetic 
protein signaling pathway. However, there is hope, 
as the study also demonstrated that restoring the 
Kir2.1 channel in Andersen’s syndrome cells can 
reverse the negative effects and restore normal 
bone and cartilage behavior by re-regulating 
major gene expressions.

Summary

Bioelectrical signals play a crucial role in deter
mining cellular behavior, with ion channels ser
ving as the foundation of these signals. While there 
is some understanding of the relationship between 
functional vascular ion channel expression and 
vascular behavior, further exploration is needed. 
Kir channels, a type of ion channel responsible for 
maintaining the resting potential and signal trans
duction in most cells, are directly related to nor
mal physiological functions of blood vessels and 
the development of certain diseases. Without the 
involvement of Kir channels, the ability of Kir to 
promote vasodilation in the circulatory system 
would be difficult to achieve. Different subtypes 
of Kir channels on VSMCs and ECs regulate vaso
motor activity and blood flow supply. 
Advancements in understanding Kir channels are 
being made through various approaches such as 
analyzing their structure, studying their electrical 
activity using electrophysiological techniques, 
investigating their function using molecular biol
ogy techniques, and understanding their role in 
disease through the examination of specifically 
expressed subtypes in vascular tissues using trans
genic animals. These findings have great potential 
to shed light on new treatment options for ion 
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channel diseases and identify new targets for drug 
therapies.
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