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Abstract. As the major cause of irreversible loss of vision in
adults, diabetic retinopathy (DR) is one of the most serious
complications of diabetes. The imbalance of the retinal micro‑
environment and destruction of the blood‑retinal barrier have
a significant role in the progression of DR. Inward rectifying
potassium channel 4.1 (Kir4.1) is located on Müller cells and
is closely related to potassium homeostasis, water balance and
glutamate clearance in the whole retina. The present review
discusses the functions of Kir4.1 in regulating the retinal
microenvironment and related biological mechanisms in DR. In
the future, Kir4.1 may represent a novel alternative therapeutic
target for DR through affecting the retinal microenvironment.
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1. Introduction
Diabetic retinopathy (DR) is the most common serious compli‑
cation of diabetes, mainly manifesting as progressive and
irreversible vision damage. At present, there are ~346 million
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individuals with diabetes worldwide, ~10% of which have
severe visual impairment and 2% of them are blind. It is
expected that the number of individuals at risk of vision loss
from DR will be double by 2030 (1).
Strategies to prevent or treat DR early have become a
research hotspot. An increasing number of studies have
indicated that the occurrence of retinal neurodegenerative
changes in DR may be earlier than microvascular changes.
Furthermore, both the proliferation of glial cells and the
damage of photoreceptor cells may occur at the beginning
of the disease (2,3). Most previous studies regarded DR as a
vascular disease, but now comprehensive properties such as
retinal neurodegeneration should also be considered (4). The
pathogenesis of DR is highly complex. The changes in the
microenvironment of the retina caused by oxidative stress,
inflammatory response and other factors affect the occurrence
and development of DR (5,6).
The retinal microenvironment homeostasis mediated by
inward rectifying potassium channel 4.1 (Kir4.1) on Müller
cells is a basic system that provides the necessary conditions for
retinal cells to maintain normal physiological functions. The
balance of potassium ions, water and glutamic acid is adjusted
through the bond of Kir4.1 (7). In DR, Kir4.1 expression is
downregulated, Müller cells exhibit edema and apoptosis, and
glutamate accumulates in the retinal microenvironment (8).
This series of changes aggravates optical nerve damage. Based
on the destruction of the retinal microenvironment, processes
such as inflammation and oxidative stress occur in sequence to
promote the progression of DR (9,10). As the prime mediator of
the entire retinal microenvironment regulation, Kir4.1 may be
considered a novel target for the treatment of DR in the future.
2. Kir4.1‑basics
The Kir channels facilitate potassium ions to enter cells
and may be divided into four groups and seven Kir channel
subfamilies according to their structure and function. Kir2.x
is a classic Kir channel with constitutive activity. Kir3.x is
a G protein‑gated Kir channel and Kir6.x is the adenosine
triphosphate (ATP)‑sensitive channel in cell metabolism.
Furthermore, Kir1.x, Kir4.x, Kir5.x and Kir7.x are mainly
responsible for the transportation of potassium ions (11).
Kir4.1 is a member of the Kir4.x family and is widely
expressed in the nervous system. Kir4.1 is composed of

2

LI et al: Kir4.1, A NOVEL THERAPEUTIC TARGET FOR DIABETIC RETINOPATHY

four identical Kir4.1 subunits, which mediate potassium ion
homeostasis, and water and glutamate transport inside and
outside the cells (12). The Kir4.1 subunit is encoded by the
KCNJ10 gene (13). Each subunit contains two transmembrane
(TM) domains, TM‑1 and TM‑2. One of the extracellular loops
contains the characteristic amino acid sequence GYG, which
is involved in the selective ion filtration of K+ (14). Kir4.1
has been indicated to be associated with various conditions,
including autism, epilepsy, central nervous system ischemic
injury and inflammation (15). In these diseases, the expres‑
sion of the Kir4.1 channel is reduced or misplaced and the
continuous lack of Kir current damages the buffering capacity
of glial cells, leading to the imbalance of ion homeostasis,
which may contribute to pathological processes.
3. Kir4.1 in the retina
The expression of Kir4.1 varies among different tissues. In
the retina, it is mainly distributed on Müller cells. Penetrating
between the inner limiting membrane and the outer membrane
of the retina, Müller cells are a type of astrocytes that are
irreplaceable components of retinal cells. As they consti‑
tute the blood‑retinal barrier, Müller cells are responsible
for supporting the function and metabolism of peripheral
neurons; they increase retinal compliance and resistance,
secrete a variety of neuroprotective factors and participate
in retinal angiogenesis (16‑18). Kir4.1 is selectively enriched
on the end feet of Müller cells surrounding microvessels and
vitreous bodies, where the expression of Kir4.1 is signifi‑
cantly higher than that in other regions. It has been reported
that β1‑syntrophin and Nogo‑A may be involved in the polar
expression of Kir4.1 on Müller cells (19,20). Kir4.1 has a
C‑terminal sequence ending with‑Ser‑Asn‑Val. This sequence
may be recognized by β1‑syntrophin, which anchors Kir4.1 to
the terminal feet of Müller cells and mediates the siphon effect
of K+ to maintain the K+ steady state. The increase of Nogo‑A
expression does not lead to any increase in the total amount
of Kir4.1 protein, but selectively affects Kir4.1 expression,
causing it to redistribute on Müller cells, which in turn affects
K+ transport.
4. Kir4.1 and the retinal microenvironment
Overview. In the regulation of the retinal microenvironment,
Kir4.1 maintains spatial potassium ion homeostasis, preserves
the water balance and mediates glutamate transport. It is
precisely due to the transport of K+ that the osmotic pressure
of the intracellular fluid of Müller cells changes accordingly
and aquaporin 4 (AQP4) on the membrane of Müller cells
thereby regulates the water balance and maintains the normal
cell volume. Furthermore, the change of K+ conductance also
affects the electrochemical power of glutamate transport,
enabling the function of glutamate/L‑aspartate transporter
(GLAST). The roles of Kir4.1 in the retinal microenvironment
are presented in Fig. 1.
Kir4.1 and spatial stability of potassium ions. Kir4.1 moves
large amounts of K+ inwards at hyperpolarized potentials
or potentials negative to the potassium equilibrium poten‑
tial (EK). During the depolarization process, only a relatively

small outward K+ current may be observed, which is caused by
the temporary blocking of the potassium ion channel by the
positively charged polyamine and Mg2+. When the membrane
potential is close to or more negative than the EK, these cations
will move away from their binding site, allowing K+ to flow
through the channel, which is conducive to maintaining the
cell's resting K+ conductivity (21). However, the rectification
function of Kir4.1 is weak and the current flowing into and out
of the channel has a similar magnitude. Unlike Kir2.1, which
is a strong inward rectifier potassium ion channel distributed
on Müller cells (22), the weak rectifier characteristic of Kir4.1
may make Kir4.1 more susceptible to pathological condi‑
tions (23).
During neuron excitation, K+ is released into the
extracellular space. Increased extracellular K+ promotes
neuronal damage by triggering harmful secondary cascades.
Sibille et al (24) determined that Kir4.1 is able to promote the
fine‑tuning of neuronal synapses, providing astrocytes with
another effective mechanism for regulating neuronal activity.
Their study further elucidated potassium dynamics between
neurons, astrocytes and extracellular space according to a
three‑compartment model. In the retina, Kir4.1 has the most
important role in maintaining the resting membrane potential
and regulating the extracellular K+ concentration to prevent the
overexcitement of neurons (25). Specifically, Kir4.1 is able to
transport excessive potassium ions in the microenvironment
around the photoreceptor cells into the blood vessels or vitreous
through its polar expression on Müller cells. Concurrently,
Kir4.1 avoids excessive K+ accumulation in Müller cells and
high potassium load on the cells.
Kir4.1 and glutamate transport. Glutamate is the major
excitatory neurotransmitter in the mammalian central nervous
system and is involved in neural development, synaptic plas‑
ticity, and learning and memory function under physiological
conditions. When its concentration is increased, it may cause
neurotoxicity, resulting in neuron damage and degenera‑
tion (26). In order to prevent excessive glutamate levels outside
of nerve cells, the body maintains normal glutamate levels
through the glutamate receptor. Glutamate transporters may
be divided into a variety of types, such as excitatory amino
acid transporters (EAAT) and vesicle glutamate transporters,
according to their structural and functional characteris‑
tics (27,28). Glutamate/L‑aspartate transporter (GLAST) is a
subtype of EAAT, also known as EAAT1, mainly distributed
on Müller cells in the retina (29). Excessive glutamate in the
retina is mostly transferred to Müller cells through GLAST,
where it is converted to glutamine by glutamine synthetase
(GS) to be eliminated, reducing its neurotoxicity.
Glutamic acid is released from the presynaptic membrane
and diffuses into the intersynaptic space due to an action poten‑
tial, bringing about an increase in the extracellular glutamic
acid concentration. GLAST on Müller cells requires energy
to take up glutamate. The stochiometrics of the electrical
generation process are as follows: 3 Na+, 1 H+ and 1 glutamic
acid molecule enter the cell and 1 K+ leaves the cell. Therefore,
effective glutamate uptake requires not only the expression of
functional glutamate uptake proteins but also a certain chem‑
ical gradient. The strong resting potential mediated by Kir4.1
generates an inward‑directed electrochemical driving force,
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Figure 1. Kir4.1 and the retinal microenvironment. In the regulation of the retinal microenvironment, Kir4.1 maintains spatial potassium ion
homeostasis, preserves the water balance and mediates glutamate transport. Kir4.1, inward rectifying potassium channel 4.1; AQP4, aquaporin 4;
GLAST, glutamate/L‑aspartate transporter; GS, glutamine synthetase.

giving GLAST the ability to promote the transfer of glutamate
into Müller cells (30). The decrease of Kir4.1 channel activity
causes the depolarization of the Müller cell's membrane,
which weakens the driving force of the glutamate transporter
that gives rise to the accumulation of extracellular glutamate
and this inhibits GLAST‑mediated glutamate transport (31). It
was reported that pharmacological inhibition and small inter‑
fering RNA‑mediated Kir4.1 knockdown in cortical astrocytes
reduced glutamate uptake by 33.1 and 57.0%, respectively (32).
Kir4.1 and water balance. The maintenance of water balance
in the retina mainly depends on AQP4 expressed on the
surface of Müller cells. Furthermore, Kir4.1 and AQP4 are
co‑localized in the perivascular region of astrocytes (33). The
two have a certain coupling function. Due to the transport of
K+, the osmotic pressure of Müller cells changes with the K+
concentration and the water balance is then adjusted by AQP4.
Therefore, any abnormal K+ channel function may lead to
impaired retinal water clearance, which aggravates the devel‑
opment of retinal edema.
In particular, when Kir4.1 suffers functional impairment,
the extracellular potassium ion concentration increases to
cause depolarization of neurons and glia, which leads to
increased glutamate efflux (34). At this stage, excessive
potassium ions cannot be discharged and the accumulation in
Müller cells causes the osmotic pressure to markedly increase.
Glutamate‑induced water inflow makes the swelling of Müller
cells more severe, eventually leading to cell autophagy and
apoptosis (35). As an important factor in maintaining the
retinal microenvironment, apoptosis of Müller cells increases
the severity of the imbalance of retinal water regulation, the
damage of the spatial stability of potassium ions and the accu‑
mulation of glutamic acid, generating a vicious cycle.
5. Kir4.1 and related biological mechanisms in DR
Overview. Changes in the retinal microenvironment
may affect inflammation, glutamate toxicity, oxidative
stress, apoptosis, autophagy and biological rhythm. While

knowledge regarding the direct involvement of Kir4.1 in DR
remains limited, its roles in the associated mechanisms of
inflammation, glutamate toxicity, oxidative stress, apoptosis,
autophagy and biological rhythm may provide clues and they
are discussed in the remainder of this chapter. The roles of
Kir4.1 in biological mechanisms associated with DR are
presented in Figs. 2 and 3.
Inflammation. A series of studies have suggested that DR is
a chronic inflammatory lesion (36). Inflammatory changes in
the retinal microenvironment are considered to be the main
reason for the development of DR. It has been detected in both
diabetic patients and animal models that the expression of
AQP4 in the retina increases, Kir4.1 expression is downregu‑
lated and Müller cells are dysfunctional, which induces the
destruction of the blood‑retinal barrier (37‑39).
Furthermore, it has been determined that Kir4.1 may
cause edema of Müller cells by affecting the combined
effect of osmotic pressure and AQP4, triggering the corre‑
sponding inflammatory response. As a key cause of visual
impairment in diabetic patients, the occurrence of macular
edema was previously thought to be due to vascular leakage
resulting from the direct destruction of the blood‑retinal
barrier. However, failure of the active potassium trans‑
port mechanism mediated by Kir4.1 in the blood‑retinal
barrier may be a more important factor leading to diabetic
macular edema of clinical significance (25). This change
in the potassium channel may interfere with arachidonic
acid‑induced intracellular sodium overload, contributing to
the rapid release of potassium ions and cell swelling (23). In
addition to DR, AQP4 and Kir4.1 are involved in the inflam‑
matory response of various neurological diseases such as
ataxia, epilepsy and neurological deafness. Their local
expression decrease or content increase leads to distur‑
bance of the water and ion content of the glial cells. The
volume of the cell and the structure of the adjacent tissue
changes and the corresponding barrier is destroyed (40).
After epileptic seizures, Kir4.1 transcription of astrocytes
is downregulated and accompanied by upregulation of
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Figure 2. Kir4.1 and related biological mechanisms (inflammation and glutamate toxicity) in diabetic retinopathy. Kir4.1, inward rectifying potassium
channel 4.1; AQP4, aquaporin 4; TNF‑ α, tumor necrosis factor‑ α; SAP, synapse‑associated protein; COX‑2, cyclooxygenase‑2; HBS, hypoxia‑inducible
factor‑1 binding site; NO, nitric oxide; cGMP, cyclic guanosine monophosphate; GLAST, glutamate/L‑aspartate transporter; GS, glutamine synthetase;
NMDA, N‑methyl‑D‑aspartate; NMDAR, N‑methyl‑D‑aspartate receptor; GLT‑1, glutamate transporter‑1; mGluRI, group I metabotropic glutamate receptor.

Figure 3. Kir4.1 and related biological mechanisms (oxidative stress, apoptosis and autophagy and biological rhythm) in DR. DR, diabetic retinopathy; Kir4.1,
inward rectifying potassium channel 4.1; AGEs, advanced glycation end products; HG, high glucose; AQP4, aquaporin 4; ROS, reactive oxygen species;
GLAST, glutamate/L‑aspartate transporter; TRPC6, transient receptor potential cation channel 6; FDP‑lysine, Nε‑(3‑formyl‑3,4‑dehydropiperidino)lysine;
FDP‑lysine‑HAS, FDP‑lysine‑modified human serum albumin; IGF‑1, insulin‑like growth factor 1; IRS‑1, insulin receptor substrate‑1; AMPK, adenosine
5'‑monophosphate‑activated protein kinase; BMAL1, brain and muscle arnt‑like protein 1.

various inflammatory genes (41). In temporal lobe epilepsy,
Kir4.1 and AQP4 are downregulated simultaneously with

α‑syntrophin and dystrophinin, while inflammatory factors,
such as cyclooxygenase‑2, TGF‑β and NF‑κ B significantly
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increase (42). The above studies confirmed again that Kir4.1
combined with AQP4 to cause edema of Müller cells and
affect the osmotic pressure, leading to the destruction of
the retinal barrier and promoting the subsequent release of
inflammatory factors.
In addition, Kir4.1 and AQP4 may also be directly involved
in the occurrence of inflammation through certain pathways,
rather than indirectly affecting osmotic pressure. In certain
diseases, AQP4 may promote the release of inflammatory
factors through possible pathways (43,44). A study indicated
that upregulation of vascular endothelial growth factor (VEGF)
during retinal hypoxia is related to the methylation status of the
hypoxia‑inducible factor‑1 binding site (HBS). AQP4 deletion
may prevent the upregulation of VEGF by interfering with the
process of hypoxia‑induced HBS demethylation (45). Whether
Kir4.1 combines with AQP4 to directly promote inflammation
in DR requires further research.
By contrast, inflammation may also act on Kir4.1. A
study demonstrated that the expression changes of Kir4.1 in
epilepsy‑related lesions may be affected by the local inflam‑
matory environment, particularly the inflammatory cytokine
IL‑1β (46). Another study reported that TNF‑ α is able to
destroy the actin cytoskeleton and dissociation of Kir4.1/
synapse‑associated protein (SAP) (47), indicating that inflam‑
mation destroys the attachment skeleton of Kir4.1. Another
study suggested that treatment of the retina of diabetic rats
with minocycline increased the level of Kir4.1 by reducing
IL‑1β levels (39). Therefore, inflammation may downregulate
the polar expression of Kir4.1, leading to further deterioration
of the retinal microenvironment. The specific mechanism
remains to be elucidated.
Glutamate toxicity. In DR, downregulation of Kir4.1 reduces
the ability of Müller cells to clear glutamate. High concen‑
trations of potassium ions may reduce the binding force of
potassium ions and depolarize the glial membrane, thereby
reducing the reuptake of glutamate.
Increased extracellular glutamate concentrations may
lead to decreased expression levels of GLAST and GS,
resulting in abnormal synaptic transmission. This may
be related to the glutamate‑nitric oxide‑cyclic guanosine
monophosphate pathway and the reduction of ATP (48,49).
In addition, the expression of Kir4.1 may be mediated by
the N‑methyl‑D‑aspartate receptor (NMDAR) expressed on
astrocytes. Continuous exposure of astrocytes to NMDA and
Glu reduces the expression of Kir4.1, GS and AQP4 and also
reduces the activity of GS (50). Excessive NMDAR activity
may increase the incidence of central nervous system diseases
related to glutamatergic tone and excitotoxicity (51). Due to
the increased glutamate concentration in the protruding gap,
NMDAR on astrocytes cannot drive the intracellular mecha‑
nism to exert a neuroprotective effect, resulting in a reduction
in the supply of antioxidant glutathione induced by this mech‑
anism, which further strengthens the toxic effect of glutamic
acid (52). Furthermore, NMDAR on astrocytes is also able to
increase the secretion of pro‑inflammatory cytokines in cells
stimulated by inflammation (53).
Similar observations were made in other neurodegenerative
diseases. In Huntington's disease, glutamate uptake activity
mainly depends on Kir4.1 (54). Glutamate transporter‑1
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(GLT‑1) is an electron transporter that relies on the negative
membrane potential provided by Kir4.1 to clear glutamate
released from extracellular nerves. In Alexander's disease,
Kir4.1 expression on astrocytes is reduced, GLT‑1 function
is impaired and glutamate toxicity occurs (55). Despite the
limited research on the glutamate toxicity theory in DR in the
past decades, it is undeniable that the disorder of glutamate
transport by Kir4.1‑mediated lack of electrochemical driving
force may be one of the crucial foundations of retinal microen‑
vironment destruction. One study indicated that chronic high
intraocular pressure downregulated the expression of Kir4.1,
GS and GLAST in Müller cells (56). Wang and Yang (57)
reported that extracellular glutamate accumulation caused
by high intraocular pressure activates group I metabotropic
glutamate receptors on Müller cells, which induces the activa‑
tion of Müller cells by downregulation of Kir4.1 and leads to
apoptosis of ganglion cells. This change in the retinal micro‑
environment should not be limited to DR but is the basis of a
variety of retinopathies.
Oxidative stress. In the development of DR, oxidative stress
frequently affects the retinal microenvironment along with
multiple mechanisms. Pannicke et al (23) tested the inhibi‑
tory effect of reducing agents on diabetic retina swelling,
indicating that acute oxidative stress is related to the induction
of glial cell swelling under anisotropic penetration conditions.
Animal experiments suggested that the activation of enzymes
producing various reactive oxygen species (ROS) and nitrogen
species, as well as the mitochondrial pathway, are involved in
the induction of osmotic swelling of Müller cells in the retinal
tissues of transgenic rats (58). Furthermore, transient receptor
potential cation channel 6 (TRPC6) is a Ca2+ permeable cation
channel sensitive to oxidative stress, which is easily detected
in Müller cells and highly expressed under High glucose (HG)
conditions. HG increases the production of ROS, reduces
the expression of GLAST and activates the TRPC6 channel,
which initiates a reduction in glutamate absorption by Müller
cells (29). Therefore, oxidative stress may affect the water
balance and glutamate transport of Müller cells and they may
have a close relationship with Kir4.1.
Studies have indicated that oxidative stress products may
reduce Kir4.1 expression and interact with inflammation. The
accumulation of Nε‑(3‑formyl‑3,4‑dehydropiperidino)lysine
(FDP‑lysine, which is an oxidative stress lipid oxidation end
product) causes Müller glial dysfunction with the protein level
of the potassium channel subunit Kir4.1 decreasing and the
downregulation of inwardly rectifying K+ currents in Müller
cells may, at least in part, be responsible for successive upregu‑
lation of VEGF, IL‑6 and TNF‑α (59). Endothelin‑2 is a potent
vasoconstrictor. Angiotensin II and aldosterone stimulate
endothelin‑2 expression, which promotes Müller glial dysfunc‑
tion and blood‑retinal barrier destruction by generating ROS.
In this process, endothelin‑2 was determined to increase
AQP4 and Kir4.1 in Müller cells and their mRNA levels in
the retina (60). Apart from this, the accumulation of advanced
glycation end products (AGEs) is the major pathological event
in DR. AGEs promote the formation of ROS, which boost
the production of AGEs, resulting in positive feedback loops
that compromise tissue fitness (61). AGE‑modified laminin
causes disorder of the actin cytoskeleton and destruction of
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the α‑dystroglycan‑syntrophin‑dystrophin complex, which in
turn reduces Kir4.1 expression and weakens its function (62).
Evidently, oxidative stress is part of various complex mecha‑
nisms involved in Kir4.1.
Apoptosis and autophagy. Autophagy and apoptosis frequently
occur as intermediate processes in the development of DR,
which are a result of the combination of various factors such as
inflammation, oxidative stress, cellular edema and glutamate
toxicity. In other nerve tissues, there is evidence that Kir4.1 is
involved in apoptosis. The loss of Kir4.1 results in decreased
myelination, vacuolation and axon swelling in the spinal
cord of mice, which are all related to apoptosis (63). Kir4.1
expressed on Müller cells allows neurons that generate action
potentials in the inner layer of the retina to maintain their
function in a potassium buffer environment, particularly under
ischemic conditions. Maintaining the function of Müller cells
may suppress cytotoxic neuron overexcitation and subsequent
neuronal cell loss (64). The cell edema caused by the imbal‑
ance of Kir4.1 in DR may trigger apoptosis of Müller cells,
destroy the retinal barrier and eventually lead to irreparable
visual impairment.
High concentrations of FDP‑lysine‑modified human serum
albumin cause extensive apoptosis. The accumulation of these
adducts may lead to the apoptosis of Müller cells during
long‑term diabetes, while the accumulation of FDP‑lysine is
associated with a reduction in the level of potassium channel
subunit Kir4.1 protein (59). Therefore, Kir4.1 may be related to
cell apoptosis. Furthermore, Kir4.1 may prevent the induction
of autophagy via phosphoinositide 3‑kinase (PI3K)‑dependent
activation through the mechanistic target of rapamycin (mTOR)
pathway. Akt is an important factor involved in cell survival
and apoptosis and mTOR is a downstream target of Akt. After
ischemia and hypoxia, the level of extracellular potassium ions
increases significantly. Subsequently, Akt is also phosphory‑
lated by recruiting PI3K to activate Kir4.1, which triggers the
mTOR pathway to enable cell survival (65). One study has
indicated that the heteromer Kir4.1/Kir5.1 channel in the renal
cortical collecting duct may be activated in a PI3K‑dependent
manner by insulin and insulin‑like growth factor‑1, indicating
that Kir4.1 is likely to interact with the Akt pathway (66).
Despite the limited evidence available, increasing the
activity of Akt may become a novel strategy to prevent DR.
Numerous studies have indicated that activation of Akt may
protect nerve cells from oxidative stress and inhibition of the
function of PTEN has considerable pharmacological value
in ischemia‑related diseases and neurodegenerative diseases
such as Alzheimer's disease and Parkinson's disease (67). In
summary, the increased expression and activity of Kir4.1 may
effectively antagonize the autophagy and apoptosis mediated
by various mechanisms in DR.
Biological rhythm. Biological rhythms are not only able to
regulate the sleep‑wake cycle of an organism but are also
related to the secretion and release of hormones. Among the
core genes relevant to biological rhythms, the clock circadian
regulator gene, brain and muscle aryl hydrocarbon receptor
nuclear translocator‑like 1 gene (BMAL1, also known as
ARNTL) and period circadian clock gene have gained
widespread attention. A series of recent studies suggested

that biological rhythms have a certain impact on diabetes,
mainly through metabolism (68,69). The vision of patients
with diabetes changes regularly with day and night and their
electroretinograms also indicate that the a and b waves of the
retina have a biological rhythm (70).
The expression of Kir4.1 in the retina also exhibits specific
biological rhythms. Disturbances in the daily expression pattern
of clock genes and clock control genes caused by diabetes may
lead to loss of synchronization of retinal repair as well as the
release and migration of endothelial progenitor cells required
for effective repair processes, contributing to increased micro‑
vascular damage and DR (71). Hassan et al (47) indicated that
silencing of clock genes upregulated the expression of TNF‑α,
leading to the destruction of the actin cytoskeleton and disso‑
ciation of Kir4.1/SAP. Another study reported that insulin
receptor substrate‑1 (IRS‑1) is able to regulate Kir4.1 on Müller
cells through the BMAL1 gene and IRS‑1‑mediated dysfunc‑
tion signals may downregulate Kir4.1 expression. IRS‑1
blockade indirectly inhibits Kir4.1 by downregulating the
IRS1‑Akt‑BMAL1 axis and the Kir4.1 rhythm is synchronized
with insulin‑mediated signaling (72). Metformin, as a tradi‑
tional hypoglycemic agent, may indirectly activate 5'adenosine
monophosphate (AMP)‑activated protein kinase (AMPK) by
inhibiting the mitochondrial complex (73). A recent animal
study indicated that metformin may increase the expression
of BMAL1 protein and Kir4.1 by controlling clock regulatory
genes to activate the AMPK pathway (74). For the retina with
considerable circulation, the expression of Kir4.1 is regulated
by the BMAL1 gene through the influence of light and dark
cycles, which has a close effect on retinal metabolism and
inflammation. The circadian rhythm of Kir4.1 is synchronized
with the rhythm of IRS‑1 and the tyrosine phosphorylation of
IRS‑1 provides binding sites for multiple signaling molecules,
particularly the activation of Akt. At the same time, Akt acti‑
vation involves mechanisms such as cell survival, metabolism
and apoptosis. AMPK is a sensor of energy availability within
the cell, which is activated at low energy levels and regulates
cellular processes accordingly. In addition, AMPK activity
supports systemic glucose homeostasis and improves insulin
sensitivity by promoting processes such as glucose uptake
and energy expenditure. Glucose deficiency, hypoxia, oxida‑
tive stress and other changes may reduce cell energy levels
and increase the AMP/ATP ratio, thereby activating AMPK.
Activated AMPK is able to indirectly inhibit the mechanistic
target of rapamycin complex 1 (mTORC1) by counteracting
the inhibitory effects of mTORC1 and IRS‑1 (75). In addition,
the inflammatory environment may be involved in influencing
IRS‑1‑Kir4.1 signaling. Since biological rhythms may interact
with various mechanisms such as autophagy and oxidative
stress to affect Kir4.1, Akt and AMPK may be important
targets for drug design to prevent Müller cell dysfunction in
DR.
6. Prospects
DR is a chronic inflammatory neurodegenerative disease
with multiple mechanisms, which ultimately damages vision
and even leads to permanent loss of sight. This type of vision
impairment is irreversible. In the early stages of DR, the major
pathological manifestations are changes in microvascular
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function, including retinal vasodilation and microaneurysms,
while in the later stage, vitreous integrity is lost, new blood
vessels are ruptured and bleed and normal physiological func‑
tions of the retina are lost (76). However, the current clinical
treatment of DR mostly focuses on the period of vascular
hyperplasia with obvious symptoms, which cannot reverse the
loss of vision. Therefore, it is necessary to explore a path for
early prevention and treatment of DR.
To pursue the new therapeutic direction involving Kir4.1,
its molecular biological mechanisms require to be thoroughly
investigated. There are three approaches worth exploring, as
discussed below: i) Containment of inflammatory response;
ii) in‑depth study of Akt‑ and AMPK‑targeted treatments;
and iii) further exploration of therapies targeting the Kir4.1
cytoskeleton.
DR is a chronic inflammatory disease and the core part
of the treatment lies in exerting anti‑inflammatory effects
in the retinal microenvironment. In DR, disorder of Kir4.1
induces changes in the retinal microenvironment, accompa‑
nied by upregulation of inflammatory factors. Inflammation
and oxidative stress products destroy the attachment frame‑
work of Kir4.1 to cause further imbalance, aggravating the
destruction of the retinal microenvironment. It is necessary to
further explore the specific pathways of the arachidonic acid
pathway that Kir4.1 may participate in. Furthermore, certain
inflammation‑related factors are also worthy of attention from
researchers, particularly VEGF. Various clinical trials have
proved that anti‑VEGF treatment in the vitreous is an impor‑
tant therapeutic method for diabetic macular edema (77).
VEGF is an important mediator of the inflammation release
pathway and AQP4 has been indicated to have a regulatory
relationship with VEGF. Kir4.1 may also participate in this
process together with AQP4.
Akt and AMPK may be targets for DR treatment. On the
one hand, PI3K‑Akt‑mTOR is a classic pathway that responds
to insulin signaling. The Kir4.1 rhythm is synchronized with
insulin‑mediated signaling and Kir4.1 may activate Akt
indirectly in a PI3K‑dependent manner. Furthermore, the PI3K/
Akt pathway may be regulated by GluN2A subunit‑containing
NMDAR and the expression of Kir4.1 may be related to
NMDAR (78). A number of animal experiments have indi‑
cated that NMDAR inhibitors are able to reduce the death of
retinal neurons in DR caused by glutamate toxicity (79‑81).
The design of drugs targeting Kir4.1 to activate Akt may be
a novel treatment approach, but this is required to be veri‑
fied by further research. On the other hand, AMPK is also
crucial for the survival of Müller cells. In the high‑glucose
and hypoxia environment of DR, ensuring sufficient levels
of Müller cells is needed in order to maintain the integrity
of the blood‑eye barrier, which may enhance the stability of
the retinal microenvironment (82‑84). A previous study has
indicated that AMPK activation protects astrocytes from
hypoxia‑induced cell death (85). Upregulation of Kir4.1 is
related to the activation of the AMPK pathway. Furthermore,
a novel study in the field of biological rhythms has indicated
that therapies targeting IRS‑1‑Kir4.1 signaling may be of great
clinical significance (72).
Protecting the normal structure of Kir4.1's attached
cytoskeleton may become another novel therapeutic aspect.
Improving the dislocation of Kir4.1 may have a more important
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role than increasing its expression level. A study indicated that
proliferative gliosis in the retina is related to the inactivation of
glial Kir channels, which is not caused by the downregulation
of channel proteins, but is related to their dislocation in the cell
membrane (86). Dystrophin (Dp)71 is a membrane‑associated
cytoskeletal protein on Müller cells, which is the core anchor
for the polar expression of AQP4 and Kir4.1 (87). From the
perspective of membrane cytoskeletal proteins, a study has
indicated that AAV‑mediated gene therapy has an effect on
the blood‑retinal barrier of dystrophin‑Dp71‑deficient mice.
The distribution of Kir4.1 and AQP4 has a restorative effect
to ameliorate the condition of retinal edema (88). It has also
been reported that the adrenal cortex hormone dexamethasone
is able to inhibit the downregulation of Dp71 by inhibiting the
downregulation of heat shock factor 1, thereby inhibiting the
downregulation of AQP4 and Kir4.1 in Müller cells to prevent
the occurrence and development of blood‑retinal barrier
destruction (89).
Furthermore, Kir4.1 and AQP4 are related to each other
in positional expression and function and they may have a
synergistic effect via related mechanisms. However, at present,
relevant studies are limited. In the future, the mechanisms
mediated by Kir4.1 and AQP4 will become the focus of
research. However, it is worth noting that Kir4.1 and AQP4
are not completely coupled. One study indicated that Kir4.1
and AQP4 clusters were co‑localized in the perivascular area,
but not in parenchyma (33). An animal experiment indicated
that after intravitreal injection of lipopolysaccharide during
rat uveitis, the expression of Kir4.1 in the retina decreased
significantly at the protein and gene levels, but the expression
of AQP4 remained almost unchanged (90). Evidently, the
relationship between Kir4.1 and AQP4 is exceedingly complex
and further research still needs a long way to go.
Kir4.1‑targeted treatment has been effectively explored,
although the relevant mechanisms have remained to be
elucidated. Sun et al (91) observed in rat model of DR that after
the application of the potassium channel opener pinadil, the
expression of Kir4.1 was upregulated, the function of Müller
cells was improved and the symptoms of retinal macular
edema were alleviated. Another study suggested that aloe vera
may help protect from retinal damage associated with liver
failure by normalizing Kir4.1 and AQP4 through reducing
oxidative stress and inflammation (92).
In conclusion, Kir4.1 is likely to represent a novel alterna‑
tive therapeutic target for DR through affecting the retinal
microenvironment. It is thought that the mechanisms of
Kir4.1 will be ulteriorly clarified with the deepening of future
research.
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