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KEYWORDS Abstract Diabetic kidney disease is a leading cause of end-stage renal disease, making it a
Channel dysfunction; global public health concern. The molecular mechanisms underlying diabetic kidney disease
Diabetic kidney have not been elucidated due to its complex pathogenesis. Thus, exploring these mechanisms
disease; from new perspectives is the current focus of research concerning diabetic kidney disease. lon
End-stage renal channels are important proteins that maintain the physiological functions of cells and organs.
disease; Among ion channels, potassium channels stand out, because they are the most common and
lon channel; important channels on eukaryotic cell surfaces and function as the basis for cell excitability.
Potassium Certain potassium channel abnormalities have been found to be closely related to diabetic kid-

ney disease progression and genetic susceptibility, such as Kap, Kca, Kir, and Ky. In this review,
we summarized the roles of different types of potassium channels in the occurrence and devel-
opment of diabetic kidney disease to discuss whether the development of DKD is due to potas-
sium channel dysfunction and present new ideas for the treatment of DKD.
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Introduction

As one of the most serious and common microvascular com-
plications of diabetes, diabetic kidney disease (DKD) has
become the leading cause of end-stage renal disease (ESRD).
Since 2012, in the United Kingdom, Japan, South Korea, and
the United States, the percentage of patients with DKD un-
dergoing renal replacement therapy has occupied the first
rank among patients with ESRD. In China, the prevalence of
chronic kidney disease (CKD) is approximately 10.8% among
approximately 119 million adults.” Among urban Chinese
patients, the incidence of CKD caused by diabetic kidney
injury exceeded that of CKD caused by glomerulonephritis in
2016, making diabetic kidney injury the leading cause of
CKD.%* The underlying mechanism of DKD is complex and
involves renal hemodynamics, inflammation, secretion of
cytokines, podocyte damage, endothelial cell injury,
mesangial cell hypotrophy, and tubulointerstitial fibrosis
(Fig. 1). Thus, analyzing the mechanisms in place from new
perspectives will help clarify how to delay the progression of
DKD into ESRD and exploring new therapeutic targets for this
global public health problem.*

lon channels are important structural components of the
cell membrane and play a key role in maintaining the
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physiology of the cells, especially in excitable tissues. Dis-
orders caused by the abnormal or dysfunctional expression
of ion channel proteins are called channelopathies, and
their importance is increasingly being recognized.® Func-
tioning of ion channels (e.g., calcium, potassium, chloride,
and sodium channels) is very important in the kidney.® For
instance, ion channels play a key regulatory role in ion re-
uptake and magnesium homeostasis that occur during
nephron excretion to control water reabsorption in the
collecting duct and maintain glomerular permeability.>”’
They play an important role in cellular resting potential
maintenance, metabolism and osmotic pressure regulation,
acid-base balance, and other physiological activities.® More
than twenty types of potassium channels are present in the
kidney that influence its function in different ways’"’
through multiple physiological processes and regulatory
mechanisms. Potassium channels are also involved in the
occurrence and development of various kidney diseases and
conditions, such as the salt-wasting phenomenon in Bartter
syndrome, EAST (epilepsy, ataxia, sensorineural deafness,
and tubulopathy) syndrome, SeSAME (seizures, sensori-
neural deafness, ataxia, mental retardation, and electro-
lyte imbalance) syndrome, autosomal dominant
hypomagnesemia, polycystic kidney disease, Dent’s
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Presentation of the main pathophysiological characteristics of DKD and the special staining results of pathological

sections. PASM + MASSON: Periodic acid silver methenamine staining and Masson staining. PAS: Periodic acid-Schiff staining. EM:
Transmission electron microscope. The bar scale was set to 100 uM for PAS and MASSON and 2 puM for EM. On the top portion of the
figure, the PASM + MASSON and PAS images of healthy kidney biopsies are shown. The lower part of the figure depicts recognizable
fibrosis, sclerosis, matrix accumulation, mesangial cell proliferation, collagen deposition, and renal tubular damage after the
glomeruli of DKD patients were stained with PASM + MASSON and PAS.
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disease, focal sclerosis, and
DKD.578,10712

The kidneys are responsible for systemic potassium ho-
meostasis, which is essential for blood glucose control
because insulin secretion is the result of potassium-induced
depolarization of pancreatic B cells." A low-potassium diet
and hypokalemia impair insulin secretion and glucose
tolerance, whereas a high-potassium diet reduces the risk
of cardiovascular disease in healthy individuals.'* Thiazide
diuretics used to treat hypertension usually induce potas-
sium depletion and increase the risk of developing dia-
betes.>"® In addition, abnormal K levels in the blood
often cause serious cardiovascular and kidney damage
during diabetes onset. A high-potassium diet was also re-
ported to improve kidney-related outcomes in nearly
30,000 patients with diabetes and other vascular dis-
eases.”” Interestingly, only potassium, but not sodium,
could predict kidney-related outcomes.' In a study from
Japan, the testing of more than 600 Japanese patients with
type 2 diabetes mellitus (T2DM) revealed that high urinary
excretion of K* indicative of a higher potassium intake was
associated with better heart and kidney prognoses'®; uri-
nary excretion of Na® did not have such association.
Although multiple factors influenced K" homeostasis, po-
tassium channels acted as the crucial sensors of K™ con-
centration in different tissues, including the kidney,
pancreas, intestine, skeletal muscle, and adrenals.'®
Collectively, these findings indicate that an imbalance in
potassium homeostasis and renal potassium channel

segmental glomerular

More than six transmembrane one-pore

dysfunction may be involved in the development of diabetic
renal dysfunction.

There are some recent reports on the key role of potas-
sium channels in the occurrence, development, and genetic
susceptibility to DKD. Several studies have shown that
certain potassium channel blockers or agonists can alleviate
diabetic kidney injury, providing useful experimental evi-
dence for the development of new treatments for DKD.
Based on their structure and function, potassium channels
are classified as voltage-gated potassium channels (K, ), in-
ward-rectifier potassium channels (K;.), calcium-activated
potassium channels (Kc,), and tandem pore domain potas-
sium channels.?’ Each category is subdivided into several
subcategories based on the activation style and ion channel
conductance (Fig. 2), which play key roles in different cells
and physiological processes?'2* (Table 1). This review has
summarized multiple pieces of evidence on the roles of po-
tassium channels in the pathophysiology and hereditary
characteristics of DKD and the effects of different types of
potassium channel agonists or inhibitors to discuss whether
the development of DKD is due to potassium channel
dysfunction and present new ideas for the treatment of DKD.

Potassium channels and renal hemodynamic
changes

Glomerular hemodynamic changes at the onset of diabetes
often lead to sustained increases in glomerular filtration
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Figure 2  Main types of K™ channel families. The topology diagrams of K* channel subunits show the locations of transmembrane
domains, functional domains, and termini. Plus signs denote charged basic residues within the voltage sensor region of K, and Kca1
channels. RCK denotes a Ca**-binding regulator of conductance of K™ channels. CaM denotes calmodulin bound to a CaM-binding
site. CNBD denotes a cyclic nucleotide monophosphate (cNMP) binding site. NBD, nucleotide-binding domain; P, pore.
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Table 1 The main classification and subtypes of potassium channels.

Name Type Subtype
Inward-rectifier K" channels Katp Kiré6/sulfonylurea receptor
Kir Kir1-7
Voltage-gated K* channels Kv Kv1-9
eag Eag/erg/elk
Ca’*-activated K* channels Kca BKca/SKca

Tandem pore domain K™ channels

TASK/THIK/TWIK/TREK/TALK/TRAAK

rate, commonly referred to as hyperfiltration. The pres-
ence of hyperfiltration is considered a critical early driver
of the development and progression of DKD, which is
regarded as a prime therapeutic target in DKD.?* The
mechanisms underlying hyperfiltration are not fully under-
stood. Proposed mechanisms include tubular sodium and
glucose reabsorption, increased intra-renal nitric oxide
signaling, and intraglomerular mechanical stress from
glomerular hypertension.?*?> However, the pathways
regulating hyperfiltration in kidneys are not yet estab-
lished. Recent studies showed K* channels may be associ-
ated with hyperfiltration.

The ATP-sensitive Kt (Karp) channel, a K;- channel, was
originally identified in cardiac cells and is inhibited by
intracellular ATP. Korp channels participate in the regulation
of electrical activity, and cellular functions, such as cardiac
preconditioning, vasodilation, and neuroprotection, and
participate in glucose homeostasis through regulation of in-
sulin secretion. Katp channels can also modulate blood flow
to organs by regulating the contraction and relaxation of
smooth muscles of blood vessels and play an important role in
the expansion of renal afferent arterioles.?® Experiments
have shown that pharmacological blockade of the Kurp
channel causes significant contraction of the afferent arte-
rioles in streptozotocin-induced diabetic rats, whereas in
normal rats the effect on the afferent arterioles was low.
This result indicated that Karp channel opening helps to
expand the arterioles and promote glomeruli hyperperfusion
during diabetes mellitus (DM).?”

Besides the Karp channel, other potassium channels such
as K, (possibly Kir,.1) and large-conductance Ca**-activated
K* (BKca) channels are also involved in the contraction of
renal afferent arterioles.?® In DM, the effects of the small-
conductance Ca*-activated K* (SKc,) channel and the
extrarenal medullary K™ (ROMK; Ki+.{) channels on the
expansion of renal afferent arterioles are significantly
increased, resulting in an expanded hyperperfusion state
for the renal arterioles. Katp, Kir, or ROMK channel blockers
can reverse the dilatation of afferent arterioles in strep-
tozotocin-induced T1DM rat models.?” These results indi-
cate that the continuous activation of K™ channels is
essential for maintaining the expansion of arterioles in DM
rats during ultrafiltration (3—4 weeks after the onset of
DM). This activation could be an important factor leading to
early glomerular hyperperfusion in DKD. One possible
mechanism could be that these K" channels promote
membrane potential hyperpolarization of vascular smooth
muscle cells and reduce Ca?* influx through voltage-gated
channels, leading to a reduction in intracellular Ca®*, thus
promoting the expansion of afferent arterioles during DM.?’

However, dysfunction of some potassium channels such as
Kire.1 €ncoded by Kcnj8 could also lead to insufficient blood
perfusion in organs during DM. Kcnj8-knockout mice have
been found to exhibit serious diabetic complications,*° and
the abnormality of the Kie.1 potassium channel in blood
vessels mitigates activity-dependent vasodilation,*® which
leads to insufficient blood perfusion in organs, hypoxia in
tissues, and multiple organ failure. Moreover, Kcnj8-
knockout mice showed higher expression of inflammatory
cytokines, more severe renal cell apoptosis, and worse tissue
destruction compared with wild-type mice.?® This may
explain why patients experience ischemic kidney damage
caused by renal dysfunction during the progression of DKD.

These results indicate that K* channels play key roles in
DKD-related hemodynamic changes in the kidney.

Potassium channel and glomerular intrinsic
cellular damage in DKD

Persistent proteinuria is a common clinical symptom in the
early stages of DKD and is closely related to functional
damage of the glomerular filtration barrier.>' According to
previous reports, three main types of glomerular intrinsic
cell injury are involved in the proteinuria of DKD, namely
injuries of podocytes, glomerular endothelial cells, and
mesangial cells. Mesangial cells are contractile cells that
constitute the mesangium and structurally support the
formation of glomerular clusters.>? Podocytes are tightly
packed cells that support glomerular capillaries through a
complex network of foot processes. Glomerular endothelial
cells cover the luminal surface of glomerular capillaries and
are in direct contact with the blood. Glomerular endothe-
lial cells, podocytes, and the glomerular basement mem-
brane together form a glomerular filtration barrier that
prevents albumin leakage. In this section, we review the
relationship between potassium channel dysfunction and
intrinsic cell injury in the glomeruli and discuss potassium
channel-related mechanisms of proteinuria in DKD.

Potassium channels and mesangial cell damage

It is well-known that hyperglycemia causes inflammation
and fibrosis, which eventually lead to glomerular sclerosis.
This phenomenon is mainly due to the excessive formation
of extracellular matrix and the expansion of glomerular
mesangial cells, which block glomerular capillaries and
gradually destroy the integrity of the glomerulus. The
increased extracellular matrix content is the result of the
increased expression of matrix metalloproteinases, type IV
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collagen, fibronectin, and proteoglycans in mesangial
cells.®* Matrix metalloproteinase-9 expression in the urine
of patients with diabetes is positively correlated with uri-
nary albumin.>* Both matrix metalloproteinase-2 and -9
expression levels in the serum were found to be signifi-
cantly higher than those in the normal control group.*’
Thus, it is believed that glomerular mesangial cell
dysfunction is an important pathological event of diabetic
kidney injury. This damage leads to persistent fibrosis and
scarring of the glomeruli, which are signs of glomerulo-
sclerosis in patients with DKD.

Current research on potassium channels and mesangial
cell damage in DKD is mainly focused on BKcy and Karp
channels.® BKc, is a large-conductance calcium-activated
potassium channel, and its abnormal activity causes changes
in the cellular ultrastructure membrane potential.>®
Glomerular mesangial cells can contract similarly to vascular
smooth muscle cells. Their tension is determined by the
binding of intracellular Ca?" to myosin and actin.?” Upon
activation of BKc, in mesangial cells, Ca*" outflow from the
endoplasmic reticulum and the negative feedback of mem-
brane hyperpolarization potential activation inhibits the
voltage-gated calcium channel, resulting in relaxation or
contraction of the mesangial cells, thus affecting the
glomerular filtration rate.*® Studies have shown that high
insulin or glucose levels can increase the activity or expres-
sion of BKc, channels through different signaling pathways
and affect glomerular function.® In vitro and in vivo experi-
ments have shown that a high insulin concentration or insulin-
like growth factor | analog could promote the expression of
BKca channel proteins and BKc, K™ flow in cultured human
mesangial cells and hyperinsulinemic early-stage T2DM mice,
respectively. However, this phenomenon can be partly
abolished by inhibitors of mitogen-activated protein kinase
(PD-098059 and U-0126).>° Experiments with rat HBZY-1
mesangial cells have revealed that inhibition of BKc, channel
expression could inhibit cell proliferation, migration, and
apoptosis and reduce the secretion of type IV collagen and
fibronectin induced by high glucose treatment, whereas BKc,
channel excitation resulted in the occurrence of opposing
effects.*® These results indicate that the activity or expres-
sion levels of BKc, channels are important for mesangial cell
health and inhibition of BKc, channels alleviates mesangial
cell damage under high-insulin or high-glucose treatment.

The proliferation of mesangial cells and the release of
matrix metalloproteinase-2, fibronectin, and type IV collagen
are also influenced by Karp channels. Cultured or primary-
isolated rat mesangial cells treated with high glucose
(30—40 mM) for 24 h showed increased proliferation and
expression of matrix metalloproteinase-2 and fibronectin,
accompanied by a significant decrease in Karp mMRNA
expression, including that of Kiw.1, Kire.2, and sulfonylurea
receptor 1/2A/2B.>>“° The use of diazoxide, a selective
opener of Karp, could inhibit cell proliferation and suppress
the release of matrix metalloproteinase-2, fibronectin, and
type IV collagen,*"*? which was corrected once 5-hydrox-
ydecanoate (5HD), a selective inhibitor of Ksp, was used.
These data indicate that high glucose stimulates the prolif-
eration of glomerular mesangial cells and the release of the
cell matrix by inhibiting the activity of Karp channels. Thus,
the occurrence of DKD is related to the activity of Karp
channels.

Potassium channels and podocyte injury

As mentioned previously, persistent proteinuria in DKD is
primarily caused by impaired filtration barriers.***** Podo-
cytes, the most critical components of the glomerular
filtration barrier, are responsible for maintaining the charge
and molecular barriers of the glomerular basement mem-
brane and the shape and integrity of the glomerular capillary
ring together with glomerular endothelial cells.***** Podo-
cytes are terminally differentiated cells that cover and
attach to the outer glomerular basement membrane through
the foot processes. Pathological adaptations of podocytes
are induced by the diabetic environment, including cyto-
skeletal rearrangement, de-differentiation, apoptosis, and
autophagy, which are manifested in the broadening,
retraction, and flattening of podocytes, and reduced
motility and increased formation of tightly-connected cells.
All these issues eventually lead to excessive enlargement of
the glomerulus, and podocytes fall off.* In addition, various
reactions, such as inflammation and oxidative stress, can
cause podocyte dysfunction or loss.”>** Furthermore,
podocytes are direct targets of insulin, and insulin can pro-
mote a rapid increase in glucose uptake by podocytes.
However, this effect depends on the podocyte-specific
marker nephrin which is a transmembrane cell adhesion
molecule and an essential component of the glomerular slit
diaphragm. The cytoplasmic domains of nephrin are a plat-
form for the formation of multiple signaling pathway com-
plexes and play a key role in signal transduction of
podocytes. Thus, decreased nephrin expression induces
podocyte injury and proteinuria.

The BK¢, channel is expressed not only in mesangial cells,
but also in glomerular podocytes, thick ascending branches of
the medullary loop, distal convoluted tubules, cortical col-
lecting ducts, and the outer medulla.*’ Current research on
potassium channels related to podocyte damage in DKD
mainly focuses on BK¢, channels. The BKc, channel binds to a
variety of glomerular slit diaphragm proteins, including
nephrin, transient receptor potential canonical 6 channels,
and several actin-binding proteins in podocytes. In particular,
the expression of nephrin on the surface of podocytes is
necessary for the stable expression of the BK¢, protein, which
highlights the importance of BK channels. In cultured podo-
cytes, insulin increases the cell surface expression of BKc,
channels and stimulates their activity. High insulin levels
have been reported to increase the activity of BKc, channels
through type | protein kinase G and increase the permeability
of the glomerular filtration barrier. Type | protein kinase G is
an important molecule that mediates insulin signaling in
podocytes. In primary-cultured rat podocytes, the BKc,
channelinhibitor iberiotoxin (ibTX) was found to reduce type
| protein kinase G-dependent transepithelial albumin flux and
increased glomerular permeability to albumin in insulin-free
glomeruli; similar results were obtained with BKc, siRNA. 8
However, high glucose (36.1 mM) treatment for 24 h was
found to significantly reduce the expression of nephrin, thus
affecting the expression of BKc¢, channels and partially
eliminating the stimulatory effect of insulin on the current
density of BKc, channels.*

BKca channels can interact with Ca®*-mediated classical
transient receptor potential canonical 6 channels in



6

J. Guo et al.

podocytes, leading to Ca?* influx through these channels.
This phenomenon may lead to the activation of BKc,
channels and prevent membrane depolarization, thus
maintaining the driving force of Ca* influx through these
channels. Increased Ca®* influx causes irreversible damage
to podocytes.”® These results show that the potassium
channel BK¢, plays an important role in podocyte damage
and proteinuria in DKD.

Potassium channels and glomerular endothelial cell
damage

Glomerular endothelial cells are another key structure of
the filtration barrier that covers the surface of the
glomerular capillary lumen and is in direct contact with
blood. Glomerular endothelial cells are highly fenestrated,
where the sizes of their fenestrae are about 17 times larger
than the diameter of the albumin molecule. This structure
is a foundation for the glomerulus to deal with the high
water permeability or hydraulic conductivity required to
process large amounts of water. If endothelial cells are
directly exposed to hyperglycemic conditions, they are
more susceptible to hyperglycemia-induced damage, which
includes changes in the cell phenotype and abnormal
intracellular signal conduction, leading to endothelial cell
dysfunction.>® The abnormal functioning of glomerular
endothelial cells is deemed an important pathogenesis of
glomerulosclerosis, including DKD. Endothelial cell
dysfunction is characterized by the reduced bioavailability
of nitric oxide, decreased endothelial-mediated vasodila-
tion, hemodynamic disorders, impaired fibrinolytic capac-
ity, and growth factor renewal and overproduction.
Compared with podocyte injury, endothelial cell abnor-
malities are closely related to increased urinary albumin
excretion.' It has been suggested that glomerular changes
in DKD are more affected by endothelial cell injury
compared with podocyte damage.>"

One study suggested that K¢, channels are highly linked
to diabetes-related endothelial dysfunction in small renal
arteries. This study investigated acetylcholine-induced
vasodilation of renal arcuate arteries in obese Zucker rats
with different durations of diabetes. Inhibition of endo-
thelial K¢y channels significantly reduced acetylcholine-
induced vasodilation in rats of the control group, but not in
20-week-old obese Zucker rats.®” This shows that the Kc,
channel is involved in acetylcholine-induced vasodilation;
however, prolonged diabetes caused a decline in the
expression and activity of the K¢, channel, meaning that its
role in the regulation of vasoconstriction and vaso-
relaxation was weakened. Another study found that
blocking Krp or K, channels with 30 umol/L glibenclamide
or barium chloride did not affect acetylcholine-induced
vasodilation in rats,>* which sheds light on the leading role
of Kca channels in the regulation of vasodilation.

Potassium channels and tubular cell damage
and tubular interstitial fibrosis

Almost all kidney diseases eventually result in chronic renal
failure, i.e., tubular interstitial fibrosis.’* In recent years,
DKD has been found to be implicated in inducing renal tubular

epithelial cell injury and interstitial lesions before causing
glomerular lesions, thus playing an important role in the
progression of renal functional impairment.>* Under diabetic
conditions, activation of the inflammation and fibrosis
signaling pathways of renal tubular epithelial cells occurs due
to various stimuli, such as hyperglycemia, advanced glycation
end products, and reactive oxygen species. When stimulated,
these renal tubular cells synthesize a variety of inflammatory
molecules, such as monocyte chemotactic protein-1, inter-
leukin-6, and chemokine (C—C motif) ligand 20, and chemo-
kines including transforming growth factor (TGF)-B1, which
further leads to tubulointerstitial damage and ultimately
fibrosis and renal failure.?>>® Additionally, activated renal
tubular epithelial cells can undergo significant phenotypic
changes by epithelial—mesenchymal transition, thus pro-
moting interstitial fibrosis.” Hence, inhibiting the activation
of renal tubular cell inflammation and trans-differentiation
signaling pathways under diabetic conditions is an important
measure to slow the process of renal fibrosis in DKD.

Current research on potassium channels and DKD renal
tubular damage and interstitial fibrosis mainly focuses on
the Kcas.1 channel.®® Kca3.1 (also called 1K1, SK4, or KCNN4)
is a medium-conductance K channel activated by calcium
ions, presenting in fibroblasts, vascular smooth muscle
cells, endothelial cells, macrophages, and T lymphocytes,
all being related to fibrosis.?® Kcas.1 in the kidneys of DKD
rat models and DKD patients has been found to be signifi-
cantly up-regulated.® Kc,3.1 channel activity is required in
fibroblast activation.®® Blockade of Kc.;.¢ attenuates dia-
betic renal interstitial fibrogenesis through inhibiting acti-
vation of fibroblasts and phosphorylation of Smad2/3 and
ERK1/2.%° The mRNA and protein levels of the inflammatory
factor chemokine (C—C motif) ligand 20 in the kidneys of
Kcas.1 '~ diabetic mice were significantly reduced when
compared with the kidneys of wild-type diabetic mice.
Blocking the Kca3.1 channel in the kidney tissue of diabetic
mice lacking endothelial nitric oxide synthase (eNOS™'7)
also led to a decrease of phosphorylated NF-kB, thus
reducing inflammation.®’ These results reveal the pro-in-
flammatory effects of Kcaz 4 channel in DKD. Furthermore,
Kcas.1 inhibition was found to suppress the expression of
TGF-B1 in human proximal renal tubular cells (HK2) through
the Smad2/3 pathway and reduced the expression of
monocyte chemotactic protein-1 and type IlI/IV colla-
gens,® thus improving renal fibrosis in diabetic mice.

Autophagy deficiency and mitochondrial dysfunction are
important pathological mechanisms of DKD. In addition to
being involved in inflammation and fibrosis, Kca3.4 plays a
role in DKD by mediating autophagy defects in renal tubular
cells and mitochondrial quality control deficiency.®*** Ex-
periments using Kcqs.;7/" and Kces.s '~ mice, in which
diabetes was induced by injecting a low dose of strepto-
zotocin, revealed that accompanied by increased rates of
mitochondrial fission and fusion, the expression of micro-
tubule-associated protein 1A/1B-light chain 3 (LC3) and
nitrotyrosine and the phosphorylation of mTOR in the kid-
neys of Kcqs.;™'" diabetic mice were significantly higher
than those in the kidneys of non-diabetic Kco3 1"’ mice.®®
Conversely, in the kidneys of diabetic Kcq3.; '~ mice, these
factors were significantly weakened. In in vitro experi-
ments, HK2 cells were transfected with a Kcas.1 SiRNA
vector and were exposed to TGF-B1 for 48 h. It was found
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that the increased formation of autophagic vesicles, LC3
expression, and PI3K phosphorylation induced by TGF-B1
were reversed in Kca3q SiRNA-transfected HK2 cells.®°
Increased mitochondrial fission and inhibited fusion were
also noted. In another study, interfering with the expres-
sion of Kca3.1 resulted in significantly reduced expression
and phosphorylation of AKT and mTOR in the kidney tissues
of diabetic mice and cultured HK2 cells accompanied by a
decreased rate of mitochondrial damage.®® This demon-
strates that the down-regulation of Kcazq channel can
control diabetic renal tubule damage by improving auto-
phagy in DKD tubule cells and restoring mitochondrial
function.

These results show that different types of potassium
channels play different roles in different kidney cells and
tissues. The same ion channels may play different roles in
different cells and participate in different pathophysio-
logical processes (e.g., as it happens for BKc, channels).
Thus, the functions and roles of potassium channels in
kidney tissues are complex and important (Table 2). How-
ever, few studies have investigated the role of potassium
channels in DKD. A follow-up study of potassium channels
in DKD is worth further exploration, and there may be
crucial discoveries. For example, existing reports have
suggested that Kcas.1, which plays a key role in tubular
inflammation and interstitial fibrosis, also regulates in-
flammatory factor secretion and TGF-B1 expression.®®
Inflammation and TGF-B1 up-regulation worsen DKD or
induce progression to CKD, where their effects go beyond
tubules and interstitium to cause podocyte injury and
endothelial cell damage, among others. However, until
now there has been little research about kidney Kcas 4
channel in cells other than tubular cells.

The role of potassium channels in the genetic
susceptibility to DKD

Genetic factors play significant roles in the occurrence and
development of DM and DKD. Hyperglycemia, hyperlipid-
emia, hypertension, and proteinuria are affected by ge-
netic factors to varying degrees.®’ Current studies suggest
that DKD is, to some extent, a polygenic genetic disease. Of
note, not all patients with diabetes develop DKD, and some
genetic changes are involved in the occurrence of DKD.%%¢°

Based on previous studies,’® > the potassium channels
KCNQ1 (potassium voltage-gated channel subfamily Q
member 1) and KCNJ11 (potassium inward-rectifier channel
subfamily J member 11) have been found to play important
roles in the genetic susceptibility of DM°7%7¢ and their
variants are related to new-onset diabetes in tacrolimus-
treated renal transplant patients.”””° KCNQ1 is the most
studied of these channels and is genetically associated with
both DM and DKD.”" KCNQ1 encodes a subunit of voltage-
gated potassium channels, which are mainly found in the
heart and inner ear and are expressed to a lesser degree in
the stomach, intestine, liver, and kidney. In the kidney,
KCNQ1 and KCNE1 assemble to form a potassium channel
complex located at the brush border of the proximal renal
tubules. This potassium channel maintains the dynamics of
Na®™ uptake through membrane repolarization and in-
fluences Na*t secretion in the proximal tubules.®”

Single-nucleotide polymorphisms in KCNQ1 have been
proposed to be associated with DKD occurrence. In a pre-
liminary study from Japan, 33 single-nucleotide poly-
morphisms were detected in KCNQ1 via genotyping analysis
of 754 patients with T2DM and significant nephropathy and
558 control participants. It was found that rs123381,
rs163183, rs2299620, rs2237896, and rs2237897 may be
associated with DKD, with rs2237897 showing the strongest
correlation.®’ The involvement of KCNQ1’s single-nucleo-
tide polymorphisms in DKD was validated in another study
by analyzing rs2237895, rs2237897, and rs2283228 in the
KCNQ1 locus. It was found that the rs2283228 polymorphism
was significantly associated with proteinuria in 752 Chinese
patients with T2DM living in Singapore.®? Another review
also showed rs2283228 and rs2237895 have significant
gene—environment interactions with environmental factors
such as smoking, waist circumference, and sex in DKD pa-
tients in Malaysia.””

However, the previously reported rs2237897 locus was
found to have no obvious correlation with proteinuria after
several tests and corrections.®” In another study from India,
venous blood samples were collected from 50 patients with
DKD and 20 control participants with T2DM without ne-
phropathy to detect the rs2237897 polymorphism in the
KCNQT1 gene. The results showed that there was a signifi-
cant difference in the genotype frequency of rs2237897 in
patients with DKD compared with the controls.®* Of note,
all the above-mentioned studies suggesting associations

Table 2  Different potassium channels involved in the physiological activities of the normal kidney and diabetic kidney injury.
Location Physiological or pathophysiological conditions Potassium channel
Afferent arterioles Normal vasodilation Ky, Kir2.1, BKca
Early glomerular hyper-perfusion in DKD Katp, ROMK
DKD advanced ischemic kidney damage Kire.1
Mesangial cells Glomerular hyper-filtration BKca
The proliferation of mesangial cells and release of cell—matrix proteins KaTp
Podocytes Podocyte damage and increased permeability BKca
Endothelial cells Endothelial cell-mediated vasodilation Kca
Endothelial cell injury BKca
Tubulointerstitial fibrosis Release of inflammatory factors Kcas.1
Epithelial cell trans-differentiation Kca3.1
Autophagy deficiency and mitochondrial dysfunction Kcas.1
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between single-nucleotide polymorphisms of KCNQ1 and
DKD were conducted in Asia.

Studies conducted in Europe and North America depict a
different picture from that of Asian studies. In a Spanish
genotyping study, six common KCNQ1 variants (rs2237892,
rs2237895, rs231362, and three intronic variants) were
identified in 681 healthy elderly individuals (>65 years old)
from the Spanish Renastur cohort. The results suggested that
these six variants were not related to T2DM (180 participants
with diabetes vs. 581 without diabetes). However, the intron
12-rs2237895 locus was associated with a reduced glomer-
ular filtration rate.®* Again, a perspective different from that
depicted in Asian studies has been proposed based on studies
conducted in North America and the Netherlands. More
specifically, these studies indicated that the variants of
KCNQT1 are only related to genetic susceptibility to diabetes
and not to DKD. In a study analyzing the genetic effects of
KCNQ1 loci (namely, rs2237892, rs231362, rs2237895, and
rs2299620) in Pima Indians in North America, it was found
that among 7351 Pima Indians from 4549 families, 34% had
diabetes, and all mutants were significantly associated with
the genetic effects of T2DM.%° The strongest association was
observed at the rs2299620 locus. A study from the
Netherlands conducted genotype testing in 4620 patients
with T2DM and 5285 healthy control participants and found
that the three loci rs151290, rs2237892, and rs2237895 were
significantly associated with T2DM. This may be related to
the influence of insulin secretion and lipid metabolism;
however, the researchers found no evidence of an associa-
tion between KCNQ1 and diabetic complications.71

In conclusion, although there are certain differences in
research results from different regions, the above-
mentioned results indicate that KCNQ1 is a genetic sus-
ceptibility-associated gene for DKD, especially at the
rs2237895, rs2237892, and rs2237897 loci. According to the
literature, KCNJ11 is not closely associated with DKD.
However, the rs5219 loci participate in susceptibility to DM
and new-onset diabetes in tacrolimus-treated renal trans-
plant patients (Table 3). Thus, there have been reports
from North America, Europe, and Asia on the relationship

between potassium channels and DM or DKD; however, data
from countries in Africa and Australia are limited. As ge-
netic factors play an important role in the pathogenesis of
DM and DKD, this area of research is also worthy of scientific
attention.

Application of potassium channel agonists or
inhibitors in the treatment of DKD

The K* current formed after the opening of the Kt channel
provides a basis for the cell to maintain or restore the
resting potential, or weaken the depolarization caused by
the excitatory current. Thus, drugs capable of opening
potassium channels have broad clinical application poten-
tials in cardiovascular, endocrine, and other areas of
treatment®® (Fig. 3). For the two main categories of K*
channels (BKca and Karp), synthetic potassium channel
openers exist,®” but therapeutic effects on DKD have mainly
been observed using inhibitors or antagonists of these two
ion channels.®’

In one study,® wild-type Kcqs.;~'~ and eNOS™'~ mice
were subjected to streptozotocin-induced diabetes, and
the therapeutic effects of TRAM34, a selective inhibitor of
the Kcas.1 channel, were monitored.®® Results of the study
showed that compared with diabetic wild-type mice, (i) the
albumin/creatinine ratio in diabetic Kcq3; '~ mice was
significantly lower, and (ii) the ratio of albumin to creati-
nine in diabetic eNOS™/~ mice treated with TRAM34 was
significantly reduced. Also, compared with diabetic wild-
type mice, the expression levels of monocyte chemotactic
protein-1, intercellular adhesion molecule 1, EGF-like
module-containing mucin-like hormone receptor-like 1,
plasminogen activator inhibitor type 1, and type IlI/IV
collagen were significantly lower in the kidneys of diabetic
Kcas.s~'~ mice. Similarly, treatment with TRAM34 reduced
the expression of markers of inflammation and fibrosis in
diabetic eNOS™'~ mice.®® In addition, blocking the Kcas.1
channel in animal models resulted in the down-regulation
of TGF-B1, TGF-B1 type Il receptor (TBRIl), and the

/—

Table 3  The role of potassium channels in the genetic susceptibility of DKD.
K" channel Related diseases Single-nucleotide polymorphisms Country Population
KCNQ1 New-onset diabetes in rs2237895 Spain Spanish”’
tacrolimus-treated renal-
transplanted patients
DM rs2237892, rs231362, rs2237895, rs2299620 USA Pima Indians®
rs151290, rs2237892, rs2237895 Netherlands Dutch”’
DKD rs123381, rs163183, rs2299620, rs2237896, rs2237897 Japan Japanese®’
rs2237895, rs2237897, rs2283228, Singapore  Chinese®?
rs2237897 India Indian®
rs2237895 Spain Spanish®
rs2237895, rs2283228, Malaysia Malaysia’®
KCNJ11 New-onset diabetes in rs5219 Spain Spanish”®
tacrolimus-treated renal- rs1805127 Turkey Turkish”®
transplanted patients
DM rs5219 India Indian”?
rs5219 Japan Japanese”*

Note: The underlined loci are the sites with the strongest effect in the study.
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phosphorylation of Smad2/3. These results indicate that
the Kcas.1 channel mediates inflammation and renal fibrosis
in DKD through the TGF-p1/Smad signaling pathway.®’
Thus, the blockade of the Kca3.1 channel might be consid-
ered a new therapeutic intervention goal for patients with
DKD.

The effects of the Ksrp channel blocker U37883A (4-
morpholinecarboximidine-N-1-adamantyl-N'-cyclo-
hexylhydrochloride) on renal function were observed in a
DM rat model. In control rats, the application of U37883A
(1.5 mg/kg body weight, intravenous bolus) significantly
reduced the heart rate but did not affect or even slightly
increase the mean arterial blood pressure. Furthermore,
U37883A did not significantly affect renal vascular resis-
tance, renal blood flow, or glomerular filtration rate but
caused diuresis and reduced plasma renin activity. Diabetic
rats showed basically the same response to U37883A two or
six weeks after streptozotocin induction. In particular, the
renal vascular resistance and glomerular ultrafiltration
remained unchanged.®® These results indicate that in dia-
betic and control rats, the renin excretion function of the
kidney and heart rhythm are sensitive to U37883A, signi-
fying the important role of Kyrp channels in these physio-
logical activities. However, U37883A did not alter renal
vascular resistance, renal blood flow, or glomerular filtra-
tion rate in non-diabetic and diabetic rats,® indicating that

The broad clinical potential applications of potassium channel openers.

the role of the Kxrp channel in renal hemodynamics is not as
important as highlighted in other studies.

The renal protection offered by nicorandil differed from
what was mentioned above for U37883A. Nicorandil is a
clinically proven anti-angina drug that causes vasodilation
through the dual action of releasing nitric oxide and binding
to and opening of Karp channels. It also reduces the inci-
dence of cardiovascular events in patients with coronary
artery disease. In addition, nicorandil can reduce protein-
uria in hypertensive patients receiving low-dose angio-
tensin receptor blockers. Nicorandil was administered to
eNOS~/~ streptozotocin-induced diabetic mice. These mice
also suffered from advanced DKD.?° After eight weeks, it
was found that nicorandil did not affect the blood glucose
level, blood pressure, or systemic endothelial function of
the mice but significantly reduced proteinuria and
glomerular damage. Additionally, nicorandil reduced
podocyte loss and podocyte oxidative stress.”" In cultured
podocytes, it was further demonstrated that nicorandil may
protect against glucose-mediated oxidative stress through
Katp channels, possibly due to a reduction in nitrotyrosine
rather than a decrease in nitric oxide.’®°" Thus, nicorandil
may alleviate DKD by protecting podocyte function and can
be considered a new treatment modality for advanced DKD.
The structure and the effects of potassium channel in-
hibitors or openers are shown in Figure 4 and Table 4.
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Figure 4  Structures of opener, agonist, and inhibitors of K™ channels listed in Table 4.
Table 4 Effects of potassium channel opener, agonist, and inhibitors in DKD.
Type Potassium Name Effects

channel

Opener  Katp

Diazoxide Inhibition of cell proliferation and suppression of the release of matrix metalloproteinase-2,

fibronectin, and type IV collagen*

Agonist Katp

Nicorandil Reduction in proteinuria and glomerular damage”’

Protection of podocytes against glucose-mediated oxidative stress®’

Inhibitors Kcas 4 TRAM34  Reduction in the expression of markers of inflammation and fibrosis in diabetic eNOS™/~ mice®®
Reduction in the expressions of TGF-B1 and TGF-f1 type Il receptor (TBRIl) and the
phosphorylation of Smad2/3%?

Katp U37883A Regulation of the renin excretion function of the kidney and the heart rhythm®’

Conclusion

As the leading cause of ESRD, DKD has resulted in an
increasing social and economic burden. Research on the
pathogenesis of DKD and the development of new treatments
are hot topics in medical research. Currently, the main
clinical treatments for DKD include the use of glucagon-like
peptide 1 agonists, sodium-glucose cotransporter-2 in-
hibitors, renin-angiotensin system inhibitors, and dipeptidyl
peptidase 4 inhibitors to alleviate kidney damage from the
perspective of metabolism and hemodynamics. However,
these methods have certain limitations. Thus, there is aneed
toidentify other drugs to alleviate the disease while delaying
the progressive deterioration of renal function. In this re-
view, we discussed how the abnormal expression and func-
tion of potassium channels are closely related to the
occurrence and development of DKD and its genetic sus-
ceptibility. Therefore, the role of potassium channels in
diabetes warrants further investigation, where drugs tar-
geting these channels could be developed to delay DKD.
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