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ARTICLE INFO ABSTRACT

Keywords: Osteoarthritis (OA) is one of the leading causes of chronic pain and dysfunction. It is essential to
Chondrocytes metabolism comprehend the nature of pain and cartilage degeneration and its influencing factors on OA
Osteoarthritis

treatment. Voltage-gated ion channels (VGICs) are essential in chondrocytes and extracellular
matrix (ECM) metabolism and regulate the pain neurotransmitters between the cartilage and the
central nervous system. This narrative review focused primarily on the effects of VGICs regulating
pain neurotransmitters and chondrocytes metabolism, and most studies have focused on voltage-
sensitive calcium channels (VSCCs), voltage-gated sodium channels (VGSCs), acid-sensing ion
channels (ASICs), voltage-gated potassium channels (VGKCs), voltage-gated chloride channels
(VGCCs). Various ion channels coordinate to maintain the intracellular environment’s homeo-
stasis and jointly regulate metabolic and pain under normal circumstances. In the OA model, the
ion channel transport of chondrocytes is abnormal, and calcium influx is increased, which leads to
increased neuronal excitability. The changes in ion channels are strongly associated with the OA
disease process and individual OA risk factors. Future studies should explore how VGICs affect the
metabolism of chondrocytes and their surrounding tissues, which will help clinicians and phar-
macists to develop more effective targeted drugs to alleviate the progression of OA disease.

Pain
Voltage-gated ion channels

1. Introduction

Osteoarthritis (OA) is a chronic progressive joint disease characterized by articular cartilage degeneration, synovial inflammation,
and bone hyperplasia. The clinical manifestations of OA patients are pain, joint stiffness, swelling, and deformation [1]. Currently, the
incidence of OA has surpassed 7% worldwide, adversely affecting the quality of life and mental health [2]. The treatment of OA mainly
includes pharmacotherapy and physical therapy. According to evidence, non-steroidal anti-inflammatory drugs (NSAIDs) can relieve
pain in OA patients, but prolonged NSAIDs usage can cause gastrointestinal, cardiovascular, and renal dysfunction [3]. Glucosamine
has a cartilage protection effect but does not relieve pain or improve the motor function of the lower limbs [4-7]. Moreover, NSAIDs
and glucosamine fail fundamentally address the nature of cartilage degeneration [8]. Chronic pain caused by OA will gradually lead to
hyperalgesia, seriously affecting the life quality of OA patients [9]. Voltage-gated ion channels (VGICs) reportedly relieve pain and
regulate chondrocytes metabolism, which is a new topic of interest [10-12]. This narrative review aims to provide some overview
regarding the potential of the molecular mechanisms and treatment of VGICs.
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2. Literature selection methods

The electronic databases of PubMed were searched through the combination of a series of logic keywords and text words, including
“osteoarthritis”, “arthritis”, “pain”, “pain measurement”, “chondrocytes metabolism”, “cartilage”, “voltage-gated ion channels”, and
“ion channel”. The most recent electronic search was conducted in February 2023. The reference lists of retrieved articles and reviews
were identified. One researcher (Xinwei W) independently reviewed all the retrieved abstracts and full texts. The eligibility criteria for
this review were as follows: (a) The connection between osteoarthritis and voltage-gated ion channels; (b) Osteoarthritis-associated
pain and voltage-gated ion channels; (c) Cartilage metabolism and voltage-gated ion channels in osteoarthritis; and (d) Animal or
human studies, and in vivo or in vitro studies. The exclusion criteria consisted of the following: (a) The duplicate and similar studies;
(b) case reports and the conference abstract; (c) articles not with the osteoarthritis, but the other type of arthritis. The flow diagram is
shown in Fig. 1.

2.1. The connection between OA and VGICs

VGICs are vital for all life activities [13] and include sodium, calcium, chloride, and certain types of potassium channels. Pain is
associated with imbalances in neurotransmitters, which include inhibitory neurotransmitters and excitatory neurotransmitters [14]. In
OA pathology, transport mechanisms of many ion channels of chondrocytes are adversely affected, transmitting nociceptive stimulus
signals through A and C fibres to spinal dorsal horn [15]. The glutamate, y-aminobutyric acid (GABA), or glycine is released spon-
taneously under physiological conditions. However, excessive excitement of neurons could release more harmful neurotransmitters,
which cause hyperalgesia in OA patients [16-19]. Many studies reported that voltage-gated potassium channels (VGKCs) and
voltage-gated sodium channels (VGSCs) could regulate the internal rhythmic activity of neurons, thereby affecting the release of
neurotransmitters [20-22]. The extracellular matrix (ECM) of chondrocytes is disturbed and releases some inflammation factors to
exacerbate cartilage damage when the VGICs of chondrocytes are unbalanced [21]. The effects of various VGICs on regulating pain and
chondrocytes metabolism with OA are described in detail in Tables 1 and 2.

2.2. Voltage-sensitive calcium channels (VSCCs)

VSCCs are transmembrane heterotrimeric proteins found in the cell membrane. They are divided into six subtypes, L, T, N, P, Q, and
R, based on the conductivity of calcium channels and the voltage sensitivity [23]. VSCCs are located on the cell membrane of all
excitable cells, such as neurons, muscle cells, and gland cells, and are mainly responsible for triggering the release of transmitters and
regulating cell metabolism [24]. The action potential of neurons depends on N, P, Q, and R types. The N-type channel is regarded as the
“neurons” calcium channel, which is one of the main mechanisms of Ca?* to enter the nerve endings of pain receptors and regulate
pain-causing nerves [25]. Therefore, the N-type calcium channel is a therapeutic target for OA pain [26]. A previous study reported
that the inhibitor of CaV2.2 (the subunit a1p of VSCCs) significantly inhibited (P < 0.01) the neuronal responses and reduced pain
neurotransmitters in OA rats [27]. Gabapentin and pregabalin are widely used to treat chronic pain, including OA, and the analgesic
effect might be related to the binding of the «25 subunit of VSCCs [28]. Hence, VSCCs blockers may reduce pain-causing neuro-
transmitters and regulate neuronal excitability, thereby alleviating the pain response of OA.

Some studies have reported that VSCCs contribute to cartilage differentiation and metabolism and play a key role in maintaining
the homeostasis of chondrocytes [29]. Intracellular Ca>" is essential for initiating the differentiation process of mesenchymal stem cells
into chondrocytes. Mesenchymal stem cells derived from bone marrow can differentiate into muscle cells, adipocytes, chondrocytes,
and bone cells. In cartilage differentiation, mesenchymal stem cells express the «a281 subunit first. The expression of al gradually
increases on the third day, inducing cartilage differentiation [30]. Cartilage production would be enhanced in congenital tracheal
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Fig. 1. Flow diagram of literature selection.



X. Wang and X. Li

Heliyon 9 (2023) e17989

Table 1
Effect of VGICs on pain of OA.
VGICs Subtypes ~ Mechanisms of pain Study design
VSCCs al Regulates the release of neurotransmitters Randomised controlled trials (Gong X et al.)
alp The electrical activity of a1 was enhanced in the OA rats, leading to increased Ca®" Randomised controlled trials (Rahman W et al.)
influx.
a28 25 related to neuronal excitability Randomised controlled trials (El-Awaad E
etal)
v Regulates the biological characteristics of VSCCs Randomised controlled trials (Klugbauer N
et al.)
VGSCs  NaVl.3 High excitability of neurons in the OA rats Randomised controlled trials (Tao Z et al.)
NaV1.7 a. Sensory neuron markers critical for pain sensation Randomised controlled trials (Bufalo M et al.);
NaVvl.8 b. NaV1.7and NaV1.8 expression level increased in the OA rats. Randomised controlled trials (Ashwell M et al.)
Nav1l.9 c. NaV1.8 inhibitor significantly reduced the firing rate of joint afferents. Randomised controlled trials (Schuelert N
etal)
ASICs ASIC3 ASIC3 increased the input signal to the esthesioneure in the OA rats. Randomised controlled trials (Ikeuchi M et al.)
VGKCs  Kv7 Kv regulate the membrane potential of articular chondrocytes. Randomised controlled trials (Mobasheri A
et al.)
VGCCs  CLC1-2 VGCCs negatively inhibited Ca2+ influx Randomised controlled trials (Xiao Q et al.)

Pain neurotransmitters modify ASICs in neurons through opening of VGCCs.

Randomised controlled trials (Chen X et al.)

VGICs: Voltage-gated ion channels. VSCCs: Voltage-sensitive calcium channels. VGSCs: voltage-gated sodium channels. ASICs: Acid-sensing ion
channels. VGKCs: voltage-gated potassium channels. VGCCs: voltage-gated chloride channels.

Table 2
Effect of VGICs on chondrocytes metabolism of OA.
VGICs subtypes Mechanisms of chondrocytes metabolism Study design
VSCCs a281; al Participate in cartilage differentiation Randomised controlled trials (Grajales L et al.)
alH alH regulates sox9 expression through the calcineurin/NFAT signaling Randomised controlled trials (Lin S et al.)
pathway during chondrogenesis.
VGSCs al,pl,p2  expressed in chondrocytes and involved in chondrocytes metabolism. Randomised controlled trials (Mobasheri A et al.)
Ky Ky regulate potential membrane in chondrocytes and mediate Randomised controlled trials (Shakibaei M et al.)
electromechanical transduction.
ASICs ASIC3 ASIC3 affects cartilage differentiation and metabolism. Randomised controlled trials (Ikeuchi M et al.)
ASIC3 could regulate the secretion of hyaluronate.
ASICla a. ASICla induces the apoptosis of chondrocytes. Randomised controlled trials (Wu X et al.)
b. ASICla promote inflammation, synovial hyperplasia, articular cartilage =~ Narrative review (Xu Y et al.)
and bone destruction.
c. Blocking ASICs could protect acid-induced apoptotic injury to Randomised controlled trials (Hu W et al.)
chondrocytes.
d. Blocking ASICs increased COII and aggrecan mRNA and protein Randomised controlled trials (Yuan F et al.)
expression in the articular cartilage.
VGKCs  BKCa Regulating neuronal excitability Randomised controlled trials (Lu R et al.)
VGCCs  CLC1-3 CLC-3 is related to chondrocytes metabolism, leading to achondroplasia. Randomised controlled trials (Cheng G et al.)
CLC1-7 CLC-7 mutations lead to intracellular organelle acidification, and Non-randomized controlled trial (Zanardi I et al.); Narrative

osteoblast activity is impaired

review (Schaller S et al.)

VGICs:Voltage-gated ion channels. VSCCs: Voltage-sensitive calcium channels. VGSCs: voltage-gated sodium channels. ASICs: Acid-sensing ion
channels. VGKCs: voltage-gated potassium channels. VGCCs: voltage-gated chloride channels.

stenosis of the mouse when knocked out al1H (CaV3.2), proving that CaV3.2 is vital to cartilage differentiation [31]. The calcium signal
pathways regulate cartilage formation, and the a1 subunit of VSCCs plays an essential role in cartilage metabolism [32]. The function
of cartilage formation and cell proliferation is almost eliminated when the a1 subunit is inhibited. Furthermore, VSCCs are essential in
maintaining cellular calcium homeostasis in cartilage differentiation [33]. According to in-vitro experiments, T-type VSCCs are crucial
in inducing OA-related signal pathways, promoting the release of osteoblast-derived factors, and activating inflammatory factors in
chondrocytes. When T-type VSCCs are inhibited after the passage, the inflammatory factors in chondrocytes are decreased, leading to
reduced catabolism of chondrocytes and ECM [34]. Nimodipine is a selective calcium channel blocker, which could degrade essential
genes of cartilage differentiation and damage ECM of chondrocytes, which in turn verified that VSCCs could regulate cartilage dif-
ferentiation [35].

2.3. VGSCs

VGSCs are widely distributed in the body, participate in triggering cell action potentials, and transmit various transmitters. The
subtypes of VGSCs, including NaV1.3, NaV1.7, NaV1.8, and NaV1.9, are closely related to chronic OA pain [36,37]. They regulate the
release of pain-causing neurotransmitters and the excitability of neurons, thereby affecting the occurrence and development of pain
[38,39]. The sodium channel expressed in peripheral neurons is mainly Nav1.7, and Nav1.7 is more obviously expressed in nociceptive
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sensory neurons than non-nociceptive sensory neurons [40,41]. Nav1.7 knockout mice exhibited reduced mechanical and inflam-
matory pain through failure to initiate peripheral terminal action potentials, failure to transmit action potentials to secondary neurons
in the spinal cord, and defective neurotransmitter release [42]. The overactive Nav1.7 potential produces sustained sodium currents,
which induce high-frequency firing of nociceptive neurons and aggravate pain [43]. Navl.7 mutation is one of the reasons for the
hyperexcitability of nociceptors, and the main physiological mechanism is to activate the voltage-dependent hyperpolarization of
Navl.7 and increase the discharge during slow depolarization, thereby causing pain sensitization [44].

VGSCs are essential regulator of chondrocyte proliferation and differentiation. The ion pump and chondrocyte mechanoreceptor
complex can induce the rapid homeostasis response to ion disturbance and effectively regulate the intracellular environment and
chondrocyte function [45]. Various subtypes of VGSCs are expressed in human chondrocytes, primarily a1, p1, and p2 subtypes [46].
When the chondrocytes are treated with VGSCs blocker lidocaine, the number and viability of chondrocytes are decreased [47,48].
VGSCs impact the formation of cartilage filaments, affecting the framing and homeostasis of chondrocytes [49]. The interactions
between chondrocytes and ECM proteins, such as type II collagen and fibronectin, affect chondrocyte proliferation, phenotypic dif-
ferentiation, and cartilage morphology. Integrins attached to ECM components act as a molecular conduit for signalling, regulating
cellular responses and signalling cascades triggered by VGSCs and participate in the transduction of mechanical stimuli in cartilage
[501.

2.4. Acid-sensing ion channels (ASICs)

ASICs are a subdivision of the Degenerin/epithelial Na* channels (ENaC/DEG) superfamily, primarily distributed in the spinal
dorsal root ganglion (DRG) and peripheral nerves of the spinal cord, and are most sensitive to pH changes [51]. Specifically, ASIC3,
which exists in chondrocytes, participates in the manifestation and development of OA and regulates pain response and chondrocyte
differentiation and metabolism [52,53]. Some studies reported that peripheral inflammation could up-regulate ASIC3 expression in the
DRG, indicating that ASIC3 plays a significant role in pain transmission [54,55]. In the ASIC3 gene knocked out mouse model, the mice
had a weakened response to noxious stimuli and reduced pain sensitivity [56]. The intra-articular pH value decreased in the OA model,
ASIC3 was further activated on the primary afferent fibres and increased the input signal to the esthesioneure, generating action
potentials that release more pain neurotransmitters, thus leading to hyperalgesia [57].

ASICs affects cartilage differentiation and metabolism by regulating sodium hyaluronate (HA) in the joints. HA is the main con-
stituent of the synovial fluid in the joint cavity, which lubricates the joints and reduces tissue friction [58]. The injection of HA into the
joint cavity can improve the inflammatory response of the synovial tissue, enhance the viscosity of the synovial fluid and lubrication
function, and promote the healing and regeneration of articular cartilage, relieve pain, and increase the mobility of joints [59-63].
Abnormal regulation of HA can lead to bone and cartilage destruction. Recent studies have reported that HA could improve
bone-marrow-derived mesenchymal stem cells (BMSC) [64] and repair damaged cartilage [65]. ASIC3, a pH sensor of synovial cells,
plays a vital role in regulating HA in the respective tissue [66]. The ASIC3 knockout mouse decreased HA expression and increased
inflammatory factors in synovium and cartilage. It indicated that ASIC3 could regulate the secretion of HA and inflammatory factors,
affecting the anabolism and catabolism of chondrocytes [67]. In addition, ASICla induces the apoptosis of chondrocytes in rats by
mediating the acidification of calcineurin [68]. When the ASIC channel was blocked, the viability of chondrocytes increased, and the
expression of proteoglycan and type II collagen increased, indicating that blocking ASIC can protect chondrocytes from acid-induced
apoptosis [69-71].

2.5. VGKCs

The potassium ion channel has the most subtypes and divides into four categories based on different mechanisms: VGKCs, Ca2*-
activated K+ channel (KCa), inward rectifying potassium channels (Kir), and tandem pore (2P) domain. VGKCs play an essential role in
the potential membrane regulation of primary OA chondrocytes and mediate electromechanical transduction [72]. Specifically, VGKCs
subtypes (Kv7) [73], large-conductance calcium-activated K* channel (BKCa), Kir2.1, ATP-sensitive potassium channel (K-ATP), and
twik-related spinal cord K™ (TRESK) are closely associated with OA pain [74-76]. It has been reported that specific activation of the
neuronal Kv7 channel in the OA rat; when the Kv7 channel is inhibited, mechanical ectopic pain and heat hyperalgesia can be alle-
viated, thus relieving pain caused by OA [77]. BKCa channel is an essential regulator of neuronal excitability. The BKCa knockout mice
exhibited higher nociceptive behaviour in the inflammatory pain model [78]. Moreover, the BKCa channel can affect pain response by
regulating the activation of spinal microglia [79]. Kir2.1 can inhibit the development of hyperalgesia, which may be related to the
effective inhibition of neuronal excitability [80]. The Kir2.1 gene reduced the frequency of action potential generation and thus
inhibited excessive neural activity [81]. K-ATP channel plays a vital role in regulating membrane excitability and releasing neuro-
transmitters. The expressions of K-ATP channel subunits, including the sulfonylurea receptor (SUR) gene and inwardly rectifying K
channel 6.1 (Kir6.1), were significantly up-regulated (P < 0.05) in the rat pain model [82]. TRESK can control the transient receptor
potential and resting membrane potential of the DRG. Further, TRESK can relieve mechanical pain and reduce inflammatory response
and apoptosis. However, intrathecal injection of TRESK short hairpin RNA (shRNA) lentivirus induced mechanical pain [83,84].

VGKGs are potential cellular biomarker and therapeutic target of OA, mediating mechanical conduction, synthesis, and apoptosis of
chondrocytes [85,86]. According to the chondrocyte transcriptome database, genes for the KCa, K-ATP, Kir6.1 and Kir6.2 channels in
chondrocytes regulate glucose transport capacity and glutamate abundance, thereby affecting chondrogenic differentiation and
metabolism [87-89]. When the Kir2.1 channel is inhibited, cartilage formation is reduced, indicating that the Kir2.1 channel mediates
cartilage differentiation [90]. The excessive Ca>" influx activates the BKCa channel in chondrocytes, resulting in the hyperpolarization
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of the surface potential of chondrocytes and forming a positive feedback mechanism of Ca®" signal conduction and
stimulation-secretion coupling, contributing to cartilage differentiation [91]. Furthermore, potassium ion channel activation can
promote ECM synthesis and chondrocyte proliferation. According to ultrastructural analysis, mitochondria and granular endoplasmic
reticulum expanded, and cytoplasmic vesicles increased in activated chondrocytes, indicating energy metabolism and ECM synthesis
of chondrocytes are dependent on VGKCs [92].

2.6. Voltage-gated chloride channels (VGCCs)

In OA pathology, inflammatory cytokines reduce intra-articular pH; thus, chondrocytes are in an acidic environment. In addition to
activating ASICs channels on the cell surface, acid pH can activate VGCCs, indirectly affecting Ca?* influx and regulating the pain
pathways. In neurons, Ca?* can activate VGCCs and modulate sensory transduction [93]. However, when Ca®' influx increased
excessively, VGCCs negatively inhibited Ca?" influx by regulating the intracellular voltage and maintaining the ion balance in the
internal environment [94]. Moreover, VGCCs can regulate ASICs in neurons, affecting the release of neurotransmitters and modulating
pain responses [95].

VGCCs play a crucial role in regulating chondrocyte apoptosis [96], and small interfering RNA (siRNA) inhibits chloride channel-3
(CLC-3) in the VGCCs family and reduces expression related to chondrocytes metabolism, leading to achondroplasia [97]. Chloride
channel-7 (CLC-7) mutations lead to intracellular organelle acidification, and osteoblast activity is impaired [98-100]. Unfortunately,
there is currently a lack of studies on the effect of the VGCCs on OA chondrocytes. Therefore, future studies should explore how VGCCs
affect knee chondrocyte metabolism.

2.7. The interaction between pain and chondrocytes metabolism

The pathological basis of OA is related to cartilage degeneration, accompanied by a decrease in the chondrocytes’ anabolism and an
increase in the chondrocytes’ catabolism [101]. Knee peripheral receptors transmit nociceptive signals to the DRG, releasing
pain-causing neurotransmitters. Therefore, chondrocytes are in an environment of inflammatory and pain-causing factors for a pro-
longed time. Further, the catabolic level of chondrocytes and ECM proteins increases while the anabolic level decreases, exacerbating
cartilage degeneration. Thus, a vicious cycle of processes formed between pain and chondrocytes metabolism [102].

Moreover, the pain produced by OA is closely related to the degree of cartilage damage, and the worse the capacity of the
chondrocytes’ metabolism, the stronger the pain response produced by OA [103]. When the pain is suppressed, the activity of
chondrocytes is also increased [104]. It may be related to altering the microenvironment in which the chondrocytes are located.
Therefore, clinicians should manage OA pain symptoms and pay attention to the issues of cartilage metabolism.

2.8. Coordination of various voltage-gated ion channels

Stromal Interaction Molecule 1 (STIM1) is uniformly distributed in the endoplasmic reticulum of normal chondrocytes. OA
pathological stimulation causes STIM1 to accumulate and form particles transferred to the cell membrane, which activates the Ca%*
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Fig. 2. Mutually coordinated interactions between voltage-gated ion channels in OA chondrocytes. The STIM1 particles in the endoplasmic re-
ticulum were aggregated and transferred to the chondrocyte membrane under the stimulation of inflammatory factors, which activated CRAC
channels and extracellular Ca®" influx. Ca®" influx further activated BKCa and IKCa channels, which greatly increased Ca®" influx. A positive
feedback loop is formed. The abnormal increase of Ca®* influx in OA chondrocytes leads to the release of nociceptive neurotransmitters (such as
substance P and Vglut2) into the synaptic cleft of spinal cord neurons, resulting in a nociceptive response. STIM1: matrix interaction molecule
protein 1; CRAC: calcium channel activated by endoplasmic reticulum calcium release; BKCa: large conductance calcium-activated potassium
channel; IKCa: medium conductance calcium-activated potassium channel.
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release-activated Ca®" channel (CRAC) of the endoplasmic reticulum. Further, Ca®" influx activates BKCa and intermediate Ca**
-Activated K channels (IKCa), increasing Ca?t influx and hyperpolarization of the membrane, and store-operated calcium entry
(SOCE) is also promoted. The release of endoplasmic reticulum calcium pool and extracellular Ca®* influx leads to an abnormal in-
crease of Ca®* concentration in OA chondrocytes [105]. Further, the presence of Na*/K* pumps in chondrocytes produces a small net
outgoing current that could hyperpolarize the membrane potential of chondrocytes [106,107]. The Cl™ channel depolarises the resting
membrane and inhibits Ca?* influx. These ion channels maintain the homeostasis of chondrocytes and synovial fluid and maintain
chondrocytes’ anabolic and catabolic functions. Regular Ca>" influx causes Ca2* oscillations or intracellular waves contributing to
chondrocyte proliferation and maturation [108].

In OA pathology, chondrocytes are exposed to various harmful environments, including inflammation, hypoxia, and mechanical
stimulation, which break the balance between various ion channels [109]. Nat/K" pumps and BKCa channels discharge K*
dysfunction, and Cl~ channel inhibits Ca?* influx. Ion channel imbalance leads to increased Ca®" influx in OA chondrocytes, causing
neurons to depolarize and release neurotransmitters into the synaptic space, resulting in hyperalgesia [110,111]. The mechanism is
shown in Fig. 2.

2.9. Factors affecting voltage-gated ion channels

The ion channels are the foundation of biological electrical activity, in which opening and closing are affected by the concentration
of ions. The ions concentration difference determines the ions flow and maintains the balance of the environment [112]. Ion channels
are also susceptible to harmful stimuli (inflammation, virus, temperature, and exercise). Under the influence of inflammatory factors,
multiple ion channel signalling pathways are activated [113-115], increasing the neurons’ excitability to pain sensitization [116].
When inflammatory factors are suppressed, the ion channel signal changes accordingly, reducing the inflammatory and pain responses.
Viruses affect the opening and permeability of various ion channels in cells, and ion channels also play an essential role in the life cycle
of viruses. When the virus infects the host cell, the virus expresses some structural proteins, promotes ion transport through the hy-
drophilic core, regulates the ion homeostasis in the host cell, and creates a favourable environment for the virus to invade the cell or
regulate the release of the virus [117]. Some studies have reported that blocking the ion channels of the virus could effectively block
the replication and activity of the virus [118,119]. Therefore, viral ion channel proteins are a potential drug target. Temperature can
induce the electrical activity patterns of neurons by regulating the rate at which ion channels open and close, thereby influencing the
physiological process by which ion channels convert neurotransmitters into electrical signals [120]. Temperature affects the propa-
gation of the action potential of the myelinated axon. Under different temperatures, neuronal action potential propagation depends on
the coupling intensity [121]. High temperatures can cause mutations in ion channel proteins, which can cause dysfunction of ion
channels [122]. The mechanical load generated by joint movement may be the most critical external factor regulating cartilage
metabolism. Mechanical load regulates chondrocyte activity, and pathological overload leads to abnormal ion channel transport and
cartilage degeneration and inflammatory infiltration. Exercise can reduce inflammatory and pain responses by regulating ASICs [123].
Moreover, exercise training is sensitive to multiple ion channels such as sodium, potassium, and calcium [124], which can reduce
excessive sympathetic excitation and improve the pain sensitization effect, thus helping to improve quality of life and reduce mortality
[125-127].

3. Conclusion and prospect

This review summarised the physiological and biochemical mechanisms of various VGICs (VSCCs, VGSCs, ASICs, Kv, and VGCCs),
regulating OA pain and chondrocytes metabolism and coordination effects of various channels in chondrocytes, providing ion channel
targets for OA treatment. These ion channels play a critical role in chondrocytes and regulate nociceptive neurotransmitters in DRG.
However, there were few studies exploring the ion channel targeted drug therapy. With a better understanding of the role of ion
channels in chondrocytes, Clinicians and pharmacists can design targeted drugs that improve cartilage destruction, eliminate
inflammation, and relieve the pain of patients with OA.

The most of the evidence was based on rat/mouse studies, future studies should focus on human trials. Moreover, future studies also
evaluate how different VGICs affect articular and related tissue metabolism of OA disease, including cartilage, subchondral bone,
synovium, peripheral blood, inflammatory cell, and pain-causing substances. OA is a chronic disease with multifactorial effects. In
addition to pharmacological interventions, further studies should be conducted to explore the effects of non-pharmacological therapies
on VGICs in OA, such as physical therapy, traditional Chinese acupuncture therapy, exercise therapy, etc. The non-drug therapy in
alleviating pain and delaying cartilage degradation plays an important role [128,129], but the exact mechanism still needs further
research. For example, excessive calcium influx can destroy the charge barrier on the surface of chondrocytes, reduce elasticity, and
impact the resistance of cartilage [130]. Exercise strengthens the chondrocytes within the calcium influx capacity by enhancing lower
limb joints in order to delay the damage of the cartilage [131]. Therefore, comprehensive treatment will be necessary to tackle a
complex and slowly progressive disease like OA. It typically involves a combination of medication, exercise, weight management, and
lifestyle modifications, which can benefit manage their symptoms and improve their quality of life.
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