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Abstract: Fibrosis initially appears as a normal response to damage, where activated fibroblasts
produce large amounts of the extracellular matrix (ECM) during the wound healing process to
assist in the repair of injured tissue. However, the excessive accumulation of the ECM, unresolved
by remodeling mechanisms, leads to organ dysfunction. Connexins, a family of transmembrane
channel proteins, are widely recognized for their major roles in fibrosis, the epithelial-mesenchymal
transition (EMT), and wound healing. Efforts have been made in recent years to identify novel
mediators and targets for this regulation. Connexins form gap junctions and hemichannels, mediating
communications between neighboring cells and inside and outside of cells, respectively. Recent
evidence suggests that connexins, beyond forming channels, possess channel-independent functions
in fibrosis, the EMT, and wound healing. One crucial channel-independent function is their role as the
primary functional component for cell adhesion. Other channel-independent functions of connexins
involve their roles in mitochondria and exosomes. This review summarizes the latest advances
in the channel-dependent and independent roles of connexins in fibrosis, the EMT, and wound
healing, with a particular focus on eye diseases, emphasizing their potential as novel, promising
therapeutic targets.
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1. The Role of Connexins in Fibrosis, EMTs, and Wound Healing
1.1. Structure of Connexin

Connexins are transmembrane proteins. Approximately 20 types of connexin genes
have been reported in humans and mice [1,2]. The corresponding genes are abbreviated
as “GJ” (for gap junction), while the most commonly used protein nomenclature employs
“Cx” (for connexin). Connexin proteins are often identified by the molecular mass of
the predicted polypeptide in kilodaltons (e.g., connexin43, Cx43) [3]. Different connexin
sequences have been used to recognize connexin subfamilies, with five connexin subfamilies
defined («, B3, v, 8, and ¢ in mice or GJA, GJB, GJC, GJD, and GJE in humans) [1], each
of them containing distinct biophysical properties and expression patterns with various
biological functions. All connexins have similar topological structural characteristics,
consisting of four transmembrane domains: the amino (NT) and carboxyl termini (CTs) in
the cytoplasm, a cytoplasmic loop (CL), and two extracellular loops (EL1 and EL2) [4,5].
The CTs are considered regulatory regions for multiple post-translational modifications
and protein binding sites, exhibiting the greatest heterogeneity in amino acid sequences [6].
Every six connexin monomers form a hexagonal lattice of protein subunits, as seen under
electron crystallography, called connexons or hemichannels (HCs) [7]. After trafficking
to the membrane docks, two HCs from adjacent cells with a “head-to-head” pattern form
an intercellular channel called a GJ [8]. These GJs and HCs allow the passage of small
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molecules (Mw < 1 kDa), including ions, essential metabolites, and second messengers
such as Ca?*, IP3, nicotinamide adenine dinucleotide (NAD), prostaglandin E; (PGEy),
ATP, ADP, cAMP, and cGMP [9]. This type of intercellular communication is known to
be essential for various physiological activities, including cell growth, proliferation, and
differentiation. It also plays crucial roles in tissue homeostasis, tumorigenicity, fibrosis, and
wound healing.

1.2. Fibrosis and EMTs

Fibrosis is characterized by an excess accumulation of fibrous connective tissue in an
organ. It is defined by the pathological assembly of extracellular matrix (ECM) components,
which, over time, leads to scar tissue formation and ultimately affects organ function [10].
The epithelial-mesenchymal transition (EMT) is characterized by a cell’s switch from an
epithelial state to a mesenchymal one during physiological and pathological events [11,12].
During the EMT, a polarized epithelial cell, which generally interacts with the basement
membrane via its basal surface, undergoes multiple biochemical changes, resulting in it
acquiring a mesenchymal phenotype. The mesenchymal phenotype involves increased
migratory capacity, invasiveness, elevated resistance to apoptosis, and a largely incremental
ECM [13]. The EMT is classified into three subtypes: The Type-1 EMT, which is involved in
embryogenesis and organ development, and the Type-3 EMT, which is implicated in cancer
progression [14]. Here, we will focus on the Type-2 EMT, associated with wound healing,
tissue regeneration, and organ fibrosis.

1.3. GJ and HC in Fibrosis, EMT5, and Wound Healing

During fibrogenesis, fibroblasts are activated by various stimuli and require a complex
system of signals to be received and transmitted. Due to their ability to permit small
molecules to diffuse from one cell to another, GJs play a critical role in regulating tissue
homeostasis and various processes responsible for restoring the homeostatic balance fol-
lowing damage, including wound healing and tissue repair [15]. Furthermore, in recent
years, HCs have been found to have functions different from GJs by mediating communica-
tion between the intracellular compartment and the extracellular environment [16]. The
molecules that diffuse through HCs are similar to those involved in GJs, including ATP,
NAD, glutamate, glutathione, and prostaglandins [17]. Meanwhile, HCs open in patho-
logical and normal physiological conditions and play a major role in maintaining tissue
homeostasis [18,19]. Additionally, some connexins have channel-independent functions
that are often associated with their ability to bind and organize cytoskeletal and signaling
elements [20]. Therefore, their dysfunction is also associated with wound healing, tissue
regeneration, and organ fibrosis [8]. In this review, we will discuss both channel-dependent
and channel-independent roles in various tissues in fibrosis, the EMT, and wound healing.

2. Channel-Dependent Functions of Cx in Fibrosis, EMTs, and Wound Healing
2.1. Connexin GJs and HCs in Eye Diseases
2.1.1. Cornea

The eye comprises the cornea, lens, uvea, retina, and several other subcomponents,
within which various connexins exist. GJ communication in the human corneal epithelium
is mediated by Cx26, Cx30, Cx31.1, and Cx43 [21,22]. Specifically, Cx43 has been associ-
ated with inflammatory responses and wound healing in injured corneas [23,24]. Cx43
knockdown can accelerate wound healing in the corneal endothelium and promote re-
epithelialization by suppressing stromal oedema and inflammatory responses [25,26]. The
interaction between Cx43 and zonula occludens-1 (ZO-1), a scaffolding protein that plays a
role in regulating GJ assembly, has been extensively studied [27-30]. The alpha-carboxy
terminus 1 («CT1) peptide, derived from the carboxyl terminus of Cx43, disrupts Cx43
interaction with ZO-1, leading to an enhancement of GJs [31]. Treatment with «CT1 may
play a role in the early stages of migration during corneal healing, as well as in affecting
EMT pathway genes [32,33]. Cx43 antisense oligodeoxynucleotides (AsODNs), which
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knockdown Cx43 expression, have been shown to have a definite therapeutic effect in a
reproducible model of corneal wound healing [26]. Cx43 AsODN-treated corneas show
improved corneal clarity, faster re-epithelialization, and reduced inflammation. Addition-
ally, the reduction in Cx43 GJ function with AsODNs in human nonhealing ocular burn
wounds could enhance the recovery of limbal reperfusion and reduce inflammation, hold-
ing therapeutic potential for the treatment of severe, often unresponsive corneal injuries.
This is achieved by targeting the downregulation of Cx43 to enable vascular recovery,
making Cx43 a possible key factor in the treatment of wounds [34]. Moore et al. also
found a downregulation of Cx43 in corneal wound healing. Between the 24- and 72-h
time points, as the wound is healing, Cx43 is upregulated as cell-cell adhesion and GJ
formation recur. By day 21, there was a downregulation in Cx43 [32]. The critical point
is the time for treatment. Early use increases GJs, which are closely related to inhibiting
inflammation and reducing edema. But in later stages, reducing over-expressed Cx43
can promote repair, speed healing, and prevent excessive scarring. Gap27 is a mimicking
sequence on the second external loop of the Cx43 HC [9,35]. Its use in the early stages of
wound healing for superficial corneal epithelial wounds has been proposed for promoting
corneal epithelial healing, including persistent corneal ulcers, limbal stem cell deficiency,
and dry eye syndrome. However, prolonged and frequent treatment in stromal wounds
could elicit an undesirable inflammatory response [36].

2.1.2. Lens

The lens epithelial cells express Cx43 and Cx50, while fiber cells express Cx46 and
Cx50 [37]. Past research primarily focuses on the function and regulation of GJs because
these channels play essential roles in maintaining lens cell homeostasis, metabolic coupling,
and preventing the accumulation of reactive oxidants. Connexin mutations are being
identified and linked to numerous types of human congenital cataracts [38,39]. Abnormal
activities of GJs and/or HCs would greatly compromise these crucial functions. Our group
has previously reported that the G143R mutation increases the interaction between the
intracellular loop domain and Cx46, which is associated with the reduction in GJs but
an increase in HC function [40]. Additionally, Cx50 HCs activated by H,O, mediate glu-
tathione (GSH) transport and protect lens fiber cells from oxidative stress [41]. Mechanically
activated Cx HCs and GSH transport can reduce HyO;- and UVB-induced intracellular
reactive oxygen species (ROS), further mitigating cellular apoptosis and death [42]. Our
recent study confirmed that protein kinase A (PKA) activation reduces cataracts induced
by oxidative stress, increases GJs/HCs in Cx50, Cx46, or Cx50 and Cx46 co-expressing cells,
and decreases ROS levels and cell death [43].

We proposed a new molecular mechanism of HCs in lens epithelial cells that protects
the lens against oxidative stress. We found that Cx43 HCs mediate the exchange of oxidants
and antioxidants in lens epithelial cells undergoing oxidative stress. These transporting
activities facilitate a reduction in intracellular ROS accumulation and maintain intracellular
glutathione levels through the exchange of redox metabolites and changes in anti-oxidative
gene expression. Additionally, Cx43 HCs can be regulated by the intracellular redox state,
and this regulation is mediated by residue Cys260 located at the Cx43 C-terminus [19]. All
these findings demonstrate that GJs between lens fiber cells are an important mechanism
for maintaining lens transparency by transmitting redox metabolites and that HCs assist in
delivering nutrients and anti-oxidants into lens epithelial and fiber cells.

Posterior capsular opacification (PCO), a common complication following cataract
surgery, results from the proliferation and degenerative fibrosis of residual lens epithelial
cells [44]. The type-2 EMT and fibrosis are closely related to lens epithelial cells. Numerous
studies have implicated transforming growth factor-f3 (TGF-) in the fibrotic formation of
PCO, including isoforms of TGF31 and TGF[32 [45,46]. Additionally, there is a link between
the inflammatory response to a lens injury and the mechanisms responsible for TGFf31/ 32
activation and the induction of fibrosis [47,48]. Moreover, cell adhesion signaling has also
been implicated in the regulation of the EMT and fibrosis in the lens [49]. However, there
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is limited knowledge regarding the role of connexin channels in fibrosis. It is not clear
whether GJs/HCs participate in the TGF-f-induced EMT of lens epithelial cells in response
to an injury, including capsular scarring after cataract lens removal and intraocular lens
implantation. Although TGF-1 at a low concentration of 0.4 ng/mL markedly increases
the expression of EMT markers, this amount is not sufficient to enhance GJ intercellular
communication (GJIC) in chick embryonic lens epithelial cells. This finding has led to
the deduction that the upregulation of GJIC by TGF-f is not an obvious downstream
consequence of the TGF-3-induced EMT [50].

2.1.3. Retina

Connexins are present in the five neuronal types of the retina, vascular endothelial cells,
pericytes, glial cells, and the retinal pigment epithelium (RPE) [51,52]. The neuronal types of
the retina are composed of photoreceptors and horizontal, bipolar, amacrine, and ganglion
cells. There is a large array of connexins on these cells in mice and humans, with previous
research demonstrating the presence of several Cx subtypes, including Cx35, Cx36, Cx43,
Cx45, Cx57, Cx59, among others [52-55]. Furthermore, studies have largely focused on the
role connexins play in material transport and signaling transmission. Cxs are reported to
play crucial roles in the fibrotic development of several chronic retinal diseases, such as
diabetic retinopathy (DR), retinal ischemia, age-related macular degeneration (AMD), and
RPE-related diseases [51,56]. It is also worth noting that all these diseases are associated
with astrocytes, Miiller cells, microglia, RPE, and vessel endothelial cells in conjunction
with inflammatory processes and vascular responses [51]. However, the participation of
neuronal retinal Cxs in wound healing and fibrosis has not been directly reported.

Cx43, the most ubiquitously expressed isoform in these three types of glial cells, RPE,
and endothelial cells, plays an essential role in multiple cellular processes [53,57,58]. As
an example, Tien et al. previously reported findings indicating that the high glucose-
induced downregulation of Cx43 expression and GJIC may contribute to the breakdown of
endothelial barrier tight junctions associated with DR [59]. They then showed that Cx43
protein expression and GJIC were significantly reduced in diabetic retinas compared to
non-diabetic retinas. These results signify that the reduction in Cx43 is associated with
increased vascular cell death in human diabetic retinas [60]. In other studies, Toychiev et al.
investigated the outcome of an increase in Cx43 expression and GJ coupling during an
acute ischemia/reperfusion injury, which exacerbated ganglion cell loss. The inhibition of
astrocytic Cx43 channels may represent a useful strategy for promoting RGC survival in
pathologic conditions [61].

GJs and functional HCs are major focus areas of prior research. Cx HCs have a low
probability of being open under normal physiological conditions. However, when open
in an undocked form, these HCs allow for the ubiquitous release of paracrine and au-
tocrine signals [62,63]. Overactivated HCs have been associated with secondary tissue
injuries, including edema, compromised vascular integrity, and retinal damage, by allow-
ing the passage of molecules and ions between the cell cytoplasm and the extracellular
milieu. They can also affect downstream GJ] communication [51,56,64]. During inflamma-
tion, HC-mediated ATP release is highly prominent [65]. Certain peptides, such as low
concentrations of Peptide5 and Gap19, have been used to block Cx43 HCs specifically
without affecting GJ coupling. These tools appear to provide viable therapeutic options for
treating retinal ischemia and retinal inflammatory diseases associated with Cx43 HC open-
ing [62,66,67]. Meanwhile, the novel benzopyran derivative Tonabersat, a sodium channel
blocker that also inhibits Cx43 HCs, is used in some inflammatory-related retinal diseases,
including AMD. Previous work has shown that orally administered Tonabersat improved
clinical signs in animal models of both DR and dry AMD and was associated with reduced
inflammation. It was discovered that Tonabersat significantly preserved the function of the
retina, particularly the function of photoreceptors and bipolar cells in the inner retina [68].
Tonabersat has also been shown to prevent the formation of NOD-like receptor protein 3
(NLRP3), an ATP-mediated inflammasome, and the cleaved caspase-1 complex assembly, as
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well as the release of the proinflammatory cytokines IL-13, VEGEF, and IL-6 [69]. Non-obese
diabetic mice have been used to evaluate the ocular safety and efficacy of Tonabersat [70].
Overall, drug treatment significantly reduces macrovascular abnormalities, hyperreflective
foci, sub-retinal fluid accumulation, vascular leakage, inflammation, and inflammasome
activation. Lyon H et al. have found that Tonabersat also attenuates both TGF-{32 release
and RPE EMTs under disease-mimicking conditions, providing a therapeutic target for
diseases, such as DR, underlined by the EMT [71]. The demonstrated efficacy of Tonabersat
could be attributed in part to the inhibition of Cx43 HCs. All these findings suggest that Cx
HCs inhibitors may be effective tools and hold potential as therapeutics for multiple eye
diseases related to inflammation or fibrosis.

2.2. Connexin GJ/HCs in the Central Nervous System

A disruption of the balance of GJs, HCs, and Cxs affects tissue homeostasis and allows
cells to progress toward pathological conditions with varying degrees of severity in the
central nervous system (CNS) [72]. The most abundant Cx in the brain is Cx43. Cx43 is
prominently expressed in astrocytes but is also present in microglial cells [73,74]. Neuronal
survival and physiological functions strictly depend on the maintenance of the blood-brain
barrier (BBB). Astrocytes, which establish an elaborate network at the BBB, play critical
roles in neuroprotection [75,76].

Cx HCs form an integrated network of channels in neurons and astrocytes. Most
cell types in the CNS exhibit HC activity, while most studies revolve around Cx43 HCs in
astrocytes [76]. The Cx43-HC-mediated release of gliotransmitters (ATP/glutamate) results
in structural neuronal alterations and increased oxidative stress [77]. While strategies that
promote axonal growth are still limited, other treatment paradigms that limit secondary
damage, especially maintaining a balance between pro- and anti-inflammatory factors
in incomplete spinal cord injuries (SCls), can potentially allow patients to retain greater
function post-injury [78,79]. During inflammation, Ca* signaling in the astrocyte network
is elevated, resulting in increased ATP production and release through the opening of HCs.
ATP stimulates purinoceptors, leading to increased Ca®* release from internal stores [80].
This extracellular Ca?* signaling attenuates intercellular Ca?* signaling, causing reduced
cell communication via GJs [81,82]. Similar to the treatment of retinal diseases mentioned
before, G] and HC inhibitors strongly stimulate research toward the development of new
modulators to be used against CNS disorders [83]. On one hand, Cx43 blockers can be
used to deal with neuropathic pain after SCIs [84,85]. On the other hand, channel inhibitors
can reduce the spread of damage and improve functional recovery after an injury [86,87].
A spinal injection of Gap26 and Gap27 effectively reduces neuropathic pain symptoms
(mechanical allodynia) by decreasing the release of the chemokines CCL2 and CXCL1 in
the late phase (21 days) [85]. Peptide 5, by preventing HCs from opening, significantly
reduces the degree of swelling and the loss of neurons in a concentration- and time-
dependent manner [86]. Cx43 AsODN treatment can reduce glial cell activation, neutrophil
recruitment, and the functional consequences of a spinal cord injury. Within 24 h of a
compression injury, rats treated with Cx43 AsODNs scored higher than sense- and vehicle-
treated controls on behavioral tests of locomotion. In rats tested for locomotor ability over
the next 28 days, the initial improvement in scores was sustained [87]. Our group has
developed a novel monoclonal antibody, MHC1, that targets Cx43 and specifically inhibits
HC opening but has no effect on GJ coupling in two incomplete SCI mouse models. We
have shown that a single antibody administration within 30 min after an SCI significantly
decreased secondary injury, improved locomotion function, attenuated gliosis, preserved
white and gray matter, and protected neurons [88] (Figure 1).
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Figure 1. Connexin GJs and HCs in eye diseases. The eye comprises the cornea, lens, retina, and
several other subcomponents, within which various connexins exist. (A) Cx26, Cx30, Cx31.1, and
Cx43 mediate G] communication in the human corneal epithelium. ZO-1 is a scaffolding protein
that plays a role in regulating GJ assembly. A disruption of Cx43 interaction with ZO-1 leads to
the enhancement of GJs; targeting this disruption could be a means of enhancing wound healing.
(B) Cx50 and AQPO, located at lens fibers, respectively, mediate cell-cell adhesion, maintaining
lens fiber integrity. Deficiency of Cx50 and AQPO leads to a loss in cell-cell adhesion, resulting in
alterations of lens structures. At the posterior part of the lens, newly formed fibers cannot bundle
properly, leading to lens posterior extrusion and capsule rupture. Macrophages are recruited to the
vitreous cavity adjacent to the ruptured posterior capsule. M1 macrophages mainly mediate the
removal of the tissue mass, while M2 macrophages play a crucial role in posterior capsule sealing and
fibrosis. (C) The neuronal types of the retina are composed of photoreceptors, horizontal cells, bipolar,
amacrine, and ganglion cells, all of which contain connexins. The participation of neuronal retinal
Cxs in wound healing and fibrosis has not been directly reported. Tonabersat, a sodium channel
blocker inhibiting Cx43 HCs, is used in some inflammatory-related retinal diseases. Tonabersat has
also been shown to prevent the formation of NOD-like receptor protein 3 (NLRP3), an ATP-mediated
inflammasome, as well as the release of other proinflammatory cytokines. Throughout the lens tissue,
targeting Cxs for inflammation or fibrosis may hold therapeutic potential.

2.3. Connexin GJ/HCs in Bone, Skin, and Other Tissues

In bone tissue, GJs and HCs help transfer signals between adjacent cells and between
cells and the extracellular environment, respectively [89,90]. In contrast to reduced GJIC,
there is an overactivation of Cx HCs under oxidative stress conditions [91]. As a crucial
modulator of skeletal homeostasis, Cx43 contributes to bone cell survival, proliferation,
and differentiation [92-94]. Work by Niger et al. supports the concept that Cx43 GJs
permit a more homogenous and robust response of cells to fibroblast growth factor 2
(FGF2) treatment through the propagation of signals among cells. Cx43 GJs increase
intercellular communication among cells downstream of FGF receptor activation, leading
to an enhanced number of cells responding to FGF2 [95]. Our group has previously reported
the generation of two transgenic mouse models with Cx43-dominant negative mutants:
R76W (GJs are blocked, while HCs are promoted) and A130-136 (both GJs and HCs are
blocked), to dissect the functional contribution of Cx43 GJs and HCs in osteocytes [96].
Through these models, an impairment of Cx43-formed GJs in osteocytes appears to delay
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osteoclastogenesis during fracture repair, while the promotion of HCs increases new callus
bone formation by accelerating the healing process [97].

In the skin, Cx43 is expressed in both the epidermal and dermal cutaneous
layers [98-100]. In the first 24 h post-injury, Cx43 expression decreases within the ker-
atinocytes of the leading edge and then increases in the hyperproliferating epidermis
at day 7 [98,100,101]. A loss of Cx43 GJs occurs during the epidermal wound healing
process [98]. At later stages of tissue repair, during tissue remodeling (after 7 days), the
upregulation of Cx43 correlates with an increase in granulation tissue maturation [102]. The
roles of GJs and HCs have been extensively studied in congenital skin disorders and wound
healing, and several potential Cx-based therapeutics are under development [103,104].
Connexin mimetic peptides have been demonstrated to aid wound closure by increasing
cell migration rates in human skin cells [105]. The benefits of Cx43 AsODN application
include reducing scarring after a cutaneous thermal injury, enhancing the reepithelializa-
tion of wounds, and increasing granulation tissue formation [106-108]. A recent study by
Li et al. suggests that Cx43 GJ-dependent Enl-lineage negative fibroblast communication
plays a vital role in matrix movement and scar formation and is necessary for the patch
repair of voluminous wounds [109]. Fibroblasts and myofibroblasts have dual effects on the
wound healing process after an injury. Even a subtle amount of force generation and matrix
deposition is beneficial for wound healing, whereas excessive force and matrix production
result in tissue scarring and even a malfunction of the repaired tissues, which may lead to
organ fibrosis [14,110]. Cx43 GJs and HCs play important roles in maintaining this balance.
The aCT1 peptide provides benefits in the healing of skin wounds as well [33,111]. «CT1,
also used in corneal disease, has advanced to pivotal phase III clinical testing for the reduc-
tion of scar formation in surgical wounds [103,112]. This synthetic peptide modulates the
wound healing response by attenuating neutrophil infiltration, increasing the vascularity of
the capsule tissue, reducing type I collagen deposition, and maintaining the presence of con-
tractile myofibroblasts [113]. In a recent study, *CT1 prompted a decrease in directionality
in fibroblast movement and the generation of a 3D collagen matrix post-wounding, similar
to the changes observed in unwounded skin, and correlated with a long-term improvement
in scar appearance [114].

Although the exact mechanisms for the regulatory action of Cx43 in the fibrotic
response of the kidney, heart, and lung are not completely understood, research shows that
Cx43 activity is related to changes in fibroblast function. However, current studies cannot
determine whether these effects are dependent on GJs and/or HCs [115-117]. Xu et al.
used GAP 26 (a Cx43 HCs inhibitor) to alleviate unilateral-ureteral-obstruction-induced
fibrosis. Cx43 mediates the release of ATP from tubular epithelial cells during a renal injury,
inducing peritubular macrophage pyroptosis, which subsequently leads to the release of
CXCL10 and the activation of intrarenal fibroblasts, accelerating renal fibrosis [115]. In vivo
studies have indicated that the ATP receptor P2x4 expressed by fibroblasts is necessary
for lung fibrosis. Macrophages were found to secrete ATP in a Cx43-dependent manner
after an injury, and the fibroblast cytosolic calcium response was decreased in a co-culture
with Cx43 knockout macrophages. This reveals a Cx43-dependent profibrotic effect in lung
macrophages and supports the further development of the fibroblast P2x4 receptor as a
therapeutic target for lung fibrosis [117].

3. Channel-Independent Functions of Cxs in Fibrosis, EMTs, and Wound Healing

Since 1995, studies have indicated that connexins may have separate, non-channel-
related functions [118]. The molecular mechanism of this novel, significant type of action
by Cxs in relation to cell growth and proliferation, differentiation, injury, and healing has
been investigated and is continuously being further elucidated.
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3.1. Cell Adhesion

The Type-2 EMT is mediated by inflammatory cells and fibroblasts, leading to re-
duced intercellular adhesion and increased motility [14]. Cx43 is suggested to function
analogously to cell adhesion molecules in mediating cellular recognition, selective neurite
adhesion, and repulsion [119]. Our group previously found that the exogenous expression
of Cx50 in fibroblast cells increases their adhesive properties. In contrast, the other two Cxs
expressed in the lens, Cx43 and Cx46, fail to exhibit any increase in adhesion [120]. Cx50
is capable of mediating both homotypic interactions and heterotypic protein—protein or
protein-membrane interactions as a cell adhesion molecule, all independent of its role in
forming Cx channels [120,121]. Moreover, the second extracellular (E2) domain is identified
as a critical domain for cell adhesion function, and the expression of Cx50 enhances the
expression of the adhesive molecules N-cadherin and (-catenin [122]. Aquaporin 0 (AQPO),
a water-channel-forming protein, is also reported to act as an adhesive molecule and is
proposed to serve as a major structural protein to facilitate the formation of the ordered
cellular structure in mature lens fibers [123]. We have generated an AQP0/Cx50 double
knockout (dKO) mouse model to explore the cooperative roles of these two proteins in the
lens in vivo [124]. It is observed that Cx50 and AQPO proteins in lens fibers possibly form
an interlocking system due to the expression of Cx50 and AQP at broader and narrower
sides of lens fiber cells, respectively. The lack of these proteins leads to a smaller lens
size, posterior subcapsular/polar cataracts, and an abnormal distribution of nuclei in the
posterior region. Lens fibers are also extruded from the posterior lens capsule ruptured in
dKO lenses. [124].

Moreover, we have intriguingly observed that in dKO lenses, the adhesion-losing
lens fiber cells are extruded from the posterior capsular and form a “tail-like” tissue
containing delayed regressed hyaloid vessels, fibrotic tissue, and macrophages [125]. M1
macrophages delivered by hyaloid vessels appear to mediate the clearance of the “tail-like”
fiber tissue mass outside the lens at the initial stage. In the later stage, the necrotic fiber
cells promote the polarization and transition to M2 macrophages inside the lens, leading to
increased EMTs (Figure 2), fibrosis, and posterior capsule rupture sealing (Figure 3) [125].
During the healing process, the expression of E-cadherin decreases, whereas N-cadherin
increases in the lens equatorial region of dKO lenses [125]. This suggests that macrophage-
associated EMTs and fibrosis are directly involved in posterior capsule sealing and the
thickening of lens epithelial cells. M2 macrophages have been reported to be closely
associated with fibrosis and EMTs [126]. Intravitreal injections of an M2 macrophage
activator, colony-stimulating factor 1 (CSF-1), or a CSF-1 receptor inhibitor, respectively,
accelerate or delay the sealing process and fibrosis [125]. This observation provides direct
evidence highlighting the critical role played by macrophages in response to damaged lens
cells in an immune-privileged organ.

As a relatively new area of study, recent research has emerged challenging the defini-
tion of the lens as an immune-privileged organ. It has been shown that there is surveillance
of the lens by immune cells in an adaptive response to lens degeneration and a repair re-
sponse by immune cells that are activated upon lens wounding [127-129]. In these studies,
reported by Dr. Sue Menko's lab, the resident immune cells of the lens, located interspersed
between the lens epithelium, and surveillance immune cells, which travel along the ciliary
zonules from the ciliary body, are identified as the source of immune cells in association
with the lens. Additionally, hyalocytes, located in the vitreous humor, are also a potential
source of the immune cells that surveil the adult lens [48,130]. Macrophages exhibiting
pro-wound healing, pro-fibrotic, anti-fibrotic, pro-resolving, and tissue-regenerating char-
acteristics are commonly mentioned in the literature [131]. One of the challenges is how
to regulate pro-inflammatory and anti-inflammatory macrophages at key time points to
reduce injury and accelerate healing.
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Figure 2. Connexin GJs and HCs in the central nervous system and bone. (A) Cx43 hemichannels
mediate the release of ATP from edematous astrocytes, leading to the recruitment of inflammatory
factors and neuronal cell death (left panels). The administration of MHC1, a monoclonal antibody
that specifically inhibits Cx43 HCs but has no effect on GJs, significantly improves neuronal recovery
after a traumatic spinal cord injury (right panels). (B) Cx43 HCs contribute to bone cell survival,
proliferation, and differentiation. During fracture repair, promoting Cx43 HCs in osteocytes increases
callus bone formation and accelerates the healing process.
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Figure 3. Channel-independent functions of Cx. (A) The role of mtCx43 is not fully understood;
however, some studies suggest that mtCx43 may influence cellular processes related to tissue injury,
inflammation, and fibrosis. Notably, ATP production and ROS generation are known to be involved
in tissue injury and inflammation. (B) Annular Cx43 HC-containing vesicles can form Cx43 GJs
with acceptor cells, serving as a mechanism for facilitating internalization. However, whether and
how Cx43-containing exosomes contribute to injury repair, inflammation, and fibrosis remains
largely elusive.
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3.2. Mitochondrial Cx43

Mitochondrial Cx43 (mtCx43) was first discovered in endothelial cells [132]. Sub-
sequently, other groups have confirmed the presence of Cx43 within mitochondria of
various origins, including brown adipose tissue, astrocytes, and liver [133-135]. However,
most research has been focused on heart tissue [136-138]. As of now, there are still no
patch-clamp data available on Cx43-formed channels in mitoplasts [139]. Instead, putative
Cx43-formed channel-like structures within mitochondria have been investigated using
indirect methods [140,141]. The role of mtCx43 is not fully understood; however, some
studies suggest that mtCx43 may influence cellular processes related to tissue injury, in-
flammation, and fibrosis. [142,143]. For example, the mechanism of the fibroblast growth
factor 2-triggered subsarcolemmal protection of the heart from ischemia- and reperfusion-
induced cell death requires mtCx43 channel function. It is associated with increased mtCx43
levels, as well as mtCx43 phosphorylation at the protein kinase Ce target sites 5262 and
5368 [144]. Studies largely support the role of mtCx43 as a critical modulator of apoptosis.
Recent work from our group demonstrates the translocation of Cx43 to mitochondria in
bone osteocytes after oxidative damage by promoting ATP production through increased
mitochondrial membrane potential and enhancement of the proton gradient through its
interaction with mitochondrial complex V [141]. Additionally, the increased ATP level in
the cytosol protects the cells against oxidative stress, which depletes cytosolic ATP, leading
to cell apoptosis [141]. ATP production and ROS generation are known to be involved in
tissue injury and inflammation [145,146]. The data on the exact contribution of mtCx43 are
scarce; more work is needed to determine other possible roles of mtCx43 in the future.

3.3. Exosomes

Small extracellular vesicles (sEVs), including microvesicles and exosomes, are membrane-
based structures that carry and deliver bioactive molecules [147]. Osteoarthritis (OA) is a
heterogeneous disease with several molecular and clinical phenotypes [148]. In OA, the down-
regulation of Cx43 in osteoarthritic chondrocytes restores chondrocyte redifferentiation and
reduces the propensity of chondrocytes to undergo cellular senescence by downregulating
p53/p21 and inhibiting the nuclear translocation of nuclear factor-kappa B(NF-«B) [149,150].
Research shows that sEVs released by human OA-derived chondrocytes contain high levels of
Cx43 and induce a senescent phenotype in targeted chondrocytes, synovial cells, and bone cells,
contributing to the formation of an inflammatory and degenerative joint environment through
the secretion of senescence-associated secretory-associated phenotype (SASP) molecules [151].
Another study shows that exosomes derived from glioma cells under hypoxia promote the
proliferation, tube formation, and migration of human umbilical vein endothelial cells through
upregulated exosomal Cx43 [152]. A study by Villamizar et al. found that exosomes derived
from mesenchymal stem cells may offer a hopeful therapy for patients afflicted with cystic fibro-
sis (CF). CF is an autosomal recessive genetic disease caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene. It is worth noting that Cx43 appears to
be required for the functional release of the CFTR promoter from exosomes [153]. However,
whether and how Cx43-containing exosomes contribute to injury repair, inflammation, and
fibrosis remains largely elusive.

3.4. Other Channel-Independent Functions of Cxs

In recent years, non-channel functions have emerged for Cx43, many of which are
linked to cytoskeletal dynamics and the ECM, showing that Cx43 plays diverse roles in co-
ordinating wound closure events [154]. Using a 3D culture model, researchers have shown
that channel-independent functions of Cx43 distinctly regulate wound healing-related
gene expression patterns in skin and gingival fibroblasts [155]. Cx43 is phosphorylated
at multiple serine residues in various cell types [156]. The evidence indicates that the
protein kinase C (PKC)-dependent phosphorylation of Cx43 at S368 creates dynamic com-
munication compartments that can temporally and spatially regulate wound healing [157].
Srisakuldee et al. revealed that Cx43 phosphorylated at 5262 and S368 represents a state of
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increased resistance to cardiac ischemic injury, and this process is shown to be dependent
on PKC activity [158,159]. The exact mechanisms for the regulatory action of Cx43 in the
fibrotic response are not entirely understood, so we cannot proclaim that these effects are
dependent on GJs/HCs or independent channels, and they remain areas for future studies.

4. Concluding Remarks

Since the first reports of Cxs, recognized initially as junction proteins, in the
1970s [160,161], they have remained a highly active research field in recent decades, par-
ticularly in the area of wound healing and injury repair. Though, at the core, functioning
as a means of connecting two cells, the purpose of Cx proteins expands to paracrine sig-
naling through their GJ and HC activities, adhesion, and their role in the regulation of
mitochondrial dynamics. Interestingly, much mechanistic insight into the role of Cx GJs
and HCs following an injury and during the repair process has also been obtained. Al-
though the precise functions and regulatory mechanisms of Cxs’ channel-dependent and
independent roles in fibrosis, the EMT, and wound healing remain largely obscure and
need further investigation, they have still been heavily regarded as valuable therapeutic
targets for this range of diseases. Future studies aim to build on these findings for eventual
implementation of highly efficacious therapies targeting Cxs and Cx channels, mitigating
organ dysfunction and conditions resulting from fibrosis.
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