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Abstract

Connexins (Cxs) are ubiquitous transmembrane proteins that possess both channel function (e.g., formations of gap junction and
hemichannel) and non-channel properties (e.g., gene transcription and protein-protein interaction). Several factors have been
identified to play a role in the regulation of Cxs, which include those acting intracellularly, as redox potential, pH, intramolecular
interactions, and post-translational modifications (e.g., phosphorylation, S-nitrosylation) as well as those acting extracellularly,
such as Ca®* and Mg**. The relationship between redox signaling and Cxs attracts considerable attention in recent years. There is
ample evidence showing that redox signaling molecules (e.g., hydrogen peroxide (H,O,), nitric oxide (NO)) affect Cxs-based
channel function while the opening of Cx channels also triggers the transfer of various redox-related metabolites (e.g., reactive
oxygen species, glutathione, nicotinamide adenine dinucleotide, and NO). On the basis of these evidences, we propose the
existence of redox-Cxs crosstalk. In this review, we briefly discuss the interaction between redox signaling and Cxs and the
implications of the intersection in disease pathology and future therapeutic interventions.
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Introduction

Connexins (Cxs) are ubiquitous transmembrane proteins pres-
ent in multiple cell types (e.g., endothelial cells, smooth mus-
cle cells) in almost all living organisms [1]. In humans, there
are hitherto 21 genes encoding different Cx protein isoforms
while 20 members have been identified in mice (Table 1).
These proteins are named according to their predicted molec-
ular weight, which ranges from 23 to 62 KDa (e.g., Cx23,
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Cx62) [2]. Based on sequence homology, Cxs are divided into
five subfamilies («, 3, v, 9, and ¢ or GJA, GJB, GJC, GID,
and GJE) [2, 3] (Table 1). Structurally, each Cx protein is
formed by four transmembrane domains (TM1-TM4), two
extracellular loops (EL1 and EL2), one intracellular loop
(IL), and both the N- and C-terminus being oriented toward
the cytoplasm [4]. Generally, TMs and ELs are highly con-
served among the members of Cxs family. In contrast, the N-
and C-terminals, as well as the IL, have marked differences
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Table 1  List of Cx isoforms in human and mouse

Gene symbol Protein Predicted molecular weight (KDa)
Human Mouse Human Mouse Human Mouse
GJAI Gjal CX43 Cx43 43 43
GJA3 Gja3 CX46 Cx46 46 46
GJA4 Gja4 CX37 Cx37 37 37
GJAS Gjas CX40 Cx40 40 40
- Gja6 --- Cx33 33 33
GJAS Gja8 CX50 Cx50 50 50
GJAY - CX58/CX59 - 59 59
GJAIO Gjal0 CX62 Cx57 62 57
GJBI Gjbl CX32 Cx32 32 32
GJB2 Gjb2 CX26 Cx26 26 26
GJB3 Gjb3 CX31 Cx31 31 31
GJB4 Gjb4 CX30.3 Cx30.3 30.3 303
GJBS Gjb5 CX31.1 Cx31.1 31.1 31.1
GJB6 Gjb6 CX30 Cx30 30 30
GJB7 - CX25 - 25 25
GJCI/GJA7 Gjcl/Gja7 CX45 Cx45 45 45
GJC2/GJAI2 Gjc2/Gjal2 CX46.6/CX47 Cx47 47 47
GJC3 Gjc3 CX29/CX30.2/CX31.3 Cx29 30.2 29
GJD2 Gjd2 CX36 Cx36 36 36
GJD3/GJAII Gjd3/Gjall CX31.9 Cx30.2 31.9 30.2
GJD4 Gjd4 CX40.1 Cx39 40.1 39
GJEI Gjel CX23 Cx23 23 23

Modified from https://www.ncbi.nlm.nih.gov/gene/. Accessed 19 March 2021

among distinct Cx isoforms in the aspect of the length and
composition [5, 6].

The members of Cxs family initially form high-
conductance channels in plasma membrane, mediating the
intercellular communication via gap junctions (GJs) which
are composed of two homomeric or heteromeric hexamers
(called connexons or hemichannels (HCs)) (Fig. 1). Cx-
forming GJ channels allow direct passage of second messen-
gers (e.g., cCAMP, inositol 1, 4, 5-trisphosphate (IP3), cGMP),
metabolites, ions, and electrical signals between adjacent cells
[7, 8], indispensable for functional coordination in organisms.
For instance, stimulation of irradiation by X-rays leads to the
opening of Cx43-HCs in brain microvascular endothelial cells
and subsequent release of IP3/Ca**, ATP, reactive oxygen
species (ROS) and nitric oxide (NO), which serves as crucial
propagators of bystander DNA damage [9]. Delivery of glu-
tathione (GSH) via Cx46-GJ can also occur in the lens nucle-
us, which is of vital importance for the protection against
oxidative stress (OS) and lens transparency [10]. The research
on the role of Cxs in the formations of GJs and HCs has been
the topic of much discussion over the past 30 years. However,
emerging evidence has delineated that, apart from the role in
intercellular communication, Cxs also possess other
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biological functions including gene transcription [11] and
protein-protein interactions [12—15] (Fig. 1). For example,
recent evidence illustrates that basic transcription factor-3
(BTF3) binds to the Cx43 carboxy tail and translocates it into
the nucleus [11]. Nuclear Cx43 then forms a complex with
Polll, which regulates N-cadherin transcription via binding to
its promoter, finally facilitating neural crest migration,
pointing to the biological role of Cxs in transcriptional regu-
lation. Aside from the role in gene transcription, the Cx43
carboxyl terminal domain has also been shown to interact with
multiple proteins including zonula occludens-1 (ZO-1) [12],
caveolin-1 (Cav-1) [15], ¢-Src [12], 3-catenin [13], and tubu-
lin [14]. Protein-protein interactions mediated by Cxs are like-
ly to have regulatory effects.

The regulatory mechanism underlying the biological roles
of Cxs is complex. Several factors have been extensively stud-
ied, which generally include those acting intracellularly, as
redox potential [16—18], pH [19], intramolecular interactions,
and post-translational modifications [20] (e.g., phosphoryla-
tion, ubiquitination, SUMOylation, S-nitrosylation (SNO) and
hydroxylation), as well as those acting extracellularly, such as
Ca®* [21] and Mg®* [22]. Among these factors, the relation-
ship between redox signaling and Cxs attracts great attention
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Fig. 1 The channel-based and non-channel functions of Cxs. Cxs are
ubiquitous transmembrane proteins which possess both channel-
dependent (e.g., gap junction and hemichannel) and channel-
independent functions (e.g., gene transcription and protein-protein inter-
actions). In terms of channel-dependent functions, gap junction is formed
by two hemichannels (which is often composed of six connexin protein
isoforms). With respect to channel-independent functions, Cxs can bind

in recent years. Disrupted redox homeostasis often triggers the
opening of HC or GJ channels. The direct evidence supporting
redox regulation of Cxs arises from the fact that the decrease
of'intracellular redox potential augments the opening of Cx43-
composed HCs [16]. Induction of oxidative injury after
thioredoxin deficiency via incubation of a thioredoxin inhibi-
tor, PX-12, in the renal tubular cell has also been demonstrated
to cause overproduction of ROS and subsequently increase
Cx43 expression [23]. In contrast, suppression of ROS gener-
ation with antioxidants (e.g., GSH, apocynin) or genetic si-
lence of nicotinamide adenine dinucleotide phosphate hydro-
gen (NADPH) oxidase 2 (NOX2) can block Cx43 elevation
and inflammasome activation in peritoneal macrophages [24].
In this respect, it is plausible that changes in redox potential
have a direct effect on the expression of Cx protein subunits.
The importance of the redox signaling molecule in the regu-
lation of Cxs-based channel function also arises from the
study showing that NO donor S-nitrosoglutathione (GSNO)
promotes SNO of Cx46 at cysteine (Cys)212 residue in the
fourth TM and triggers the opening of HCs in human epithe-
lial lens cell line HLE-B3 [25]. These data raise the possibility
that intracellular oxidative status has the regulatory role on the
biological processes of Cxs [25]. However, there are also in-
vestigations showing that dysregulation of Cxs is able to in-
fluence the redox signaling. For example, suppression of
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to various transcription factors (e.g., BTF3, Nrf2) to regulate gene expres-
sion. Besides, diverse proteins have been demonstrated to interact with
Cx family members notably Cx43, which includes Cav-1, c-Src, p-caten-
in, ZO-1, and tubulin. Cxs, connexins; BTF3, basic transcription factor-3;
Nrf2, nuclear factor erythroid 2-related factor 2; Cav-1, caveolin-1; ZO-1,
zonula occludens-1

Cx43 is found to decrease the expression of NOX2 [24].
Cx43 HCs are also reported to mediate transmembrane nico-
tinamide adenine dinucleotide (NAD™) fluxes in intact cells
[26]. It suggests that redox signaling and Cxs interact with
each other within living organisms. Until now, the molecular
mechanism underlying this interaction is not well character-
ized. In this review, we aim to make a comprehensive sum-
marization of the current knowledge on the interaction be-
tween redox signaling and Cxs and discuss the implications
of these functions in disease pathology and future therapeutic
interventions.

Redox-mediated regulation of biological
functions of Cxs

Effects of redox potential on Cx-based channel
function

Generally, Cx-based channels comprise GJs and HCs. The
study showing the modulation of changes in redox potential
on the functional properties of GJs and HCs has been exten-
sively discussed. In this section, we will discuss redox-
mediated regulation on GJs and HCs, respectively (Table 2).

@ Springer
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Table 2  Effects of redox signaling on Cxs-based channel functions
Redox Model Effect on GJs and/or Mechanism Refs
signal HCs
GSH AA- and IA-induced MI in rat astrocytes Cx43-HCs| Inhibiting Cx43-SNO [27]
NO Cytokines (TNF«, IL1{3, IFN-y)-induced islet Cx36-Gls| Promoting PKCd [28]
inflammation in mice
NO AA- and [A-induced MI in rat astrocytes Cx43-HCs? Promoting Cx43-SNO [27]
NO DMD in mice Cx43-HCs? Promoting Cx43-SNO (Cys271) [29]
NO PTL in guinea pigs Cx43-GJs| Promoting Cx43-SNO [30]
Promoting phospho-Cx43 (Ser368)
NO PTL in guinea pigs Cx43-HCs? Promoting Cx43-SNO
Promoting phospho-Cx43 (Ser368)
NO Cataract in rats Cx46-HCs? Promoting Cx46-SNO (Cys218) [25]
NOX2 DMD in mice Cx43-HCs| Promoting oxidative stress [31]
NO Retinal neurons in hybrid striped bass Gls| Promoting PKG [32]
NO HeLa cells in perch Cx35-GJs| Promoting PKA-dependent phospho-Cx35 [33]
(Ser110, Ser276)
NO HelLa cells Cx37-Gls| Not determined [34]
NO MECs in mice Cx37-Gls| Not determined [35]
eNOS MEIJs in mice Cx43-GJs?t Promoting Cx43-SNO (Cys 271) [36]
GSNOR  MElIJs in mice Cx43-GJs?t Promoting Cx43-SNO (Cys 271) [36]
H,0, LECs in rabbits Cx43-Gls| Promoting PKCy-dependent phospho-Cx43 [37]
(Ser368)
H,0, Astrocytes in rats Glst Modifying redox equilibrium [38]

AA antimycin A, Cx connexin, DMD Duchenne muscular dystrophy, eNOS endothelial NO synthase, MEJs myoendothelial junctions, MI metabolic
inhibition, GSH glutathione, G.Js gap junctions, GSNOR S-nitrosoglutathione reductase, //Cs hemichannels, /7,0, hydrogen peroxide, /A iodoacetic
acid, LECs lens epithelial cells, MECs microvascular endothelial cells, NO nitric oxide, NOX2 nicotinamide adenine dinucleotide phosphate hydrogen
oxidase 2, PKA protein kinase, PKC protein kinase C, PKG protein kinase G, PTL preterm labor, SNO S-nitrosylation

Redox potential on GJs

The modulation of redox on GJs activity is exerted by acti-
vation of protein kinases. The direct evidence arises from the
prior work showing treatment with hydrogen peroxide
(H>0,) in lens epithelial cells promotes PKCy-dependent
Cx43 phosphorylation at Ser368 residue, leading to de-
creased GJ plaques and activity [37]. In liver epithelial cell
WB-F344, it has also been reported that redox-active GSH
peroxidase mimetics and antioxidants [39] prevent the inhib-
itory effect of hyper-phosphorylation of Cx43 by 12-O-
tetradecanoylphorbol-13-acetate on GJs-mediated coupling.
However, exposure to H,O, increases gap junctional com-
munication in astrocytes and the reducing agents dithiothre-
itol (DTT) and N-acetyl-cystein (NAC) reverse this phenom-
enon [38]. These findings suggest that protein kinase activa-
tion is involved in the modulatory effect of agents that mod-
ify the redox equilibrium (e.g., H>O,) on the functional state
of GJs. The redox signaling molecule NO has also been
shown to reduce gap junctional channel gating by activating
the cGMP-cGMP-dependent protein kinase G (PKG) path-
way as application of NO donor sodium nitroprusside (SNP)
remarkably inhibits electrical synapses of hybrid bass H2-
type horizontal cells [32]. Treatment with a specific PKG
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inhibitor (RKRARKE) blocked NO-mediated inhibition of
GJs activity and a phosphodiesterase inhibitor potentiated
the reduction of macroscopic junctional conductance elicited
by SNP [32]. Following the stimulation of inflammatory
cytokines containing TNF-co, IL-1(3, and IFN-y, the islet
releases NO and activates PKC6, which ultimately decreases
Cx36 GJs coupling [28]. In HeLa cells, NO causes the
uncoupling via PKA-dependent Cx35 phosphorylation at
Ser110 and Ser276 residues and these results are prevented
via mutation of these sites [33]. Collectively, it implicates
that NO modulates GJs activity in different cell types at least
via PKG, PKC5b, and PKA. In addition, there are other mech-
anisms underlying redox regulation of GJs communication,
which include SNO modification. The direct evidence stems
from the study depicting that endothelial NO synthase
(eNOS)/GSNO reductase-induced SNO/denitrosylation of
the Cys271 in the C-terminal of Cx43 in endothelial cells
modulates the permeability of GJs to InsP3 [36]. Redox sig-
naling also directly affects GJs communication. For instance,
NO reduces Cx37-mediated GJs coupling in HeLa cells [34]
and microvascular endothelial cells [35]. These data indicate
that NO reduces the functional activity of GJs via PTMs
including phosphorylation and SNO of C-terminal residues
and direct oxidation.
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Redox potential on HCs

In addition to the effect on GJs, redox potential also modu-
lates HCs permeability and/or open probability. The first
evidence arises from the study that treatment with free radi-
cal scavenger Trolox potently reduces the opening of Cx43
HCs following metabolic inhibition in rat astrocytes [40]. It
implicates that, in metabolic stress conditions, accumulation
of free radicals causes the opening of Cx43-mediated HCs
via an unknown mechanism. Meanwhile, despite Cx43 de-
phosphorylation, which is sufficient for permeability, Cx43-
HCs are still closed after lowering intracellular redox poten-
tial with Trolox [40]. It proves again that oxidation of Cx43
is critical for the open state of HCs. Similarly, extracellular
application of GSH-ethyl ester, which is a membrane
permeant-reducing agent and able to produce GSH intracel-
lularly via esterases [41], also reduces dye uptake in Cx43-
HCs, while incubation with the impermeant GSH has no
significant effect [27]. It suggests that intracellular cysteine
residue is affected by redox potential. However, it is noted
that pharmacological inhibition of redox potential with DTT
or GSH in the recording pipette potently increases Cx43-HC
open probability in HeLa cells [16]. The differential effects
of oxidative status on the HCs activity may be due to differ-
ent cell types. The study concerning the effects of redox
signaling molecule NO on HCs has also been extensively
discussed. In a mouse model of Duchenne muscular dystro-
phy, NO promotes SNO of Cx43 at Cys271 and increases the
opening of HCs [29]. Similarly, activation of NO synthase
(NOS) by nebivolol also triggers NO production and subse-
quently promotes Cx43-SNO, finally increasing HCs activi-
ty and blunting the contraction in the myometrium, which
presents a novel approach for treating spontaneous preterm
labor [30]. Cx46-based HCs are also susceptible to oxidation
by NO since the donor GSNO has been shown to increase
HCs voltage sensitivity [42]. However, mutation of one or
more Cys residues located in the C-terminal domain of Cx46
evidently changes HCs properties. The relationship between
Cx46-SNO and lens opacity has also been studied in an an-
imal model of cataract [25]. The NO donor GSNO promotes
Cx46-SNO and increases HC opening in human lens epithe-
lial cell HLE-B3 [25]. Mutation of the Cys212 located in
TM4 abrogates the effect of GSNO on HCs conductivity,
suggesting C212 is essential to observe the NO donors’ ef-
fects. Altogether, NO acts as an important redox signaling
molecule to affect the property of Cx46 HCs. The role of
NOX2, responsible for OS, in Cx43-SNO and HCs perme-
ability are also investigated in mice with Duchenne muscular
dystrophy [31]. In this model, enzymatic activity of NOX2 is
found to be elevated and pharmacological inhibition of
NOX2 with apocynin reduces OS, decreases SNO, and
blunts the opening of Cx43 HCs. It implicates that NOX2-
derived OS serves as an important mechanism for Cx43-

SNO and HCs conductivity. Taken together, SNO modifica-
tion is likely to be of utmost importance for the functional
state of Cx-HCs. There are other reports on the role of car-
bonylation for Cx-HCs. Treatment with 4-hydroxynonenal
(4-HNE), a common lipid peroxide following OS, promotes
carbonylation of Cys located in the EL and inhibits Cx46-
HCs, which can be blocked by DTT [43]. These data raise
the possibility that carbonylation modification is another im-
portant mechanism for the redox regulation of Cx-HCs.

With respect to other redox signaling molecules such as
carbon monoxide and hydrogen sulfide, there is hitherto no
direct evidence to support their modulation on the properties
of Cx-based channel function. Further investigation is indis-
pensable to explore the effect of these molecules on channels
formed by Cxs in order to comprehensively understand the
regulatory role of redox signaling on Cxs-based channel
functions.

Effects of redox potential on Cx-based non-channel
function

In recent years, it has been illustrated that Cxs have channel-
independent functions involving gene transcription and
protein-protein interactions [44, 45]. There is ample evidence
demonstrating that the presence of Cx43 in the nucleus has
been described in human gliomas, colorectal tumors, and lung
tumors and normal cells like primary chondrocytes [46—49].
Notably, Cx43 binds to BTF3 and promotes the translocation
of Cx43 tail to the nucleus in neural crest cells [11]. Ectopic
expression of Cx43 C-terminus is also found to translocate to
the nucleus and suppress cell proliferation [50]. In the aspect
of protein-protein interactions, diverse proteins have been
demonstrated to bind to Cx family members notably Cx43,
which includes Cav-1, c-Srec, -catenin, ZO-1, and tubulin
[12—14]. Although there is no direct evidence supporting re-
dox signaling regulates the interactions of Cxs and other pro-
teins, superoxide anion and H,O, have been shown to down-
regulate Cav-1 expression and inhibit cell migration and inva-
sion [51, 52]. It implicates that redox can regulate Cxs-
associated proteins. Given that the non-channel characteristics
are important for the role of Cxs in regulating biological pro-
cesses, future investigation is essential to explore the effect of
redox signaling on the interactions of Cxs and other proteins.

Effects of Cxs on redox signaling
Permeability to redox-related metabolites
ROS

Cx43 is of vital importance in ROS transfer between cells as
it has been demonstrated that Cx43-deficient hematopoietic
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stem cells are unable to transfer ROS to the hematopoietic
microenvironment (HM), leading to the accumulation of
ROS within hematopoietic stem and progenitor cells
(HSCs) [53]. Re-expression of Cx43 in HSC and progenitor
(HSC/P) cells rescue ROS transfer. It indicates that Cx43
exerts a protective role and regulates the ROS level in the
HSC/P ROS through ROS transfer to the HM, resulting in
functional recovery of HSC during hematopoietic regenera-
tion. However, there are some other contradictory investiga-
tions. For example, Cx43 inhibition is found to protect
against acute kidney injury following liver transplantation
through reducing ROS transmission between the neighbor-
ing cells [54]. In brain microvascular colorectal cells, it has
also shown that blockade of Cx43-HC with the channel-
targeting peptide Gap26 and Gap19 as well as small mole-
cule inhibitor carbenoxolone (CBX) reduces ROS transfer
between adjacent cells [9]. Cx32 deficiency decreases ROS
generation and distribution between the neighboring cells,
which attenuates ischemia-reperfusion-induced cell apopto-
sis and renal damage [55]. The discrepancy on the role of
Cxs in ROS transport from cell to cell or from cell to extra-
cellular microenvironment is lack of mechanistic bases.
However, it indicates, to some extent, that the biological
roles of Cxs significantly affect ROS transfer.

GSH

HC opening can facilitate the transport of the antioxidant mol-
ecule GSH into extracellular environment [56]. HCs-mediated
GSH uptake can also protects lens fiber cells against OS and
maintain the functional status of HCs [57]. In this facet, per-
meability to GSH via HCs has a beneficial effect on the main-
tenance of homeostasis. Knock out of Cx46 is reported to
reduce nuclear GSH level while it is not influenced by Cx50
deficiency [10], suggesting GSH diffuses from fiber cells to
the nucleus are specific for Cx46.

NAD*

It has been demonstrated that treatment with a HC inhibitor,
CBX, significantly abrogates the elevation of cellular
NAD™ level and rescues poly-ADP-ribose-polymerase-
induced cell death [58], suggesting that HCs are permeable
to NAD". The NAD" transport is also affected by Cx43
expression as previous investigations revealed that treat-
ment with a Cx43-antisense oligonucleotide completely in-
hibits intercellular NAD™ trafficking in murine 3T3 fibro-
blasts [26].

NO

The opening of HCs is found to be permeable to NO in HeLa
cells transfected with Cx43, Cx40, or Cx37 [59].

@ Springer

Accordingly, blockade of Cx-based channels abolishes NO
transfer in the myoendothelial cells and acetylcholine-
induced vasodilation [60]. These results indicate that Cx-
based channels significantly control NO-dependent vascular
function.

Mitochondria transfer and Cx43 in mitochondria

In 2006, Spees and his colleagues firstly revealed the process
of intercellular mitochondrial transfer, which enables A549
cells with functional mitochondria from mesenchymal stem
cells (MSCs) [61]. Since then, mitochondrial transfer has been
extensively investigated. The evidence supporting the rela-
tionship of Cxs and intercellular mitochondrial transfer stems
from the study that mitochondria transmission from astrocytes
to neurons is promoted by the downregulation of Cx43 phos-
phorylation elicited via GJA1-20K [62], the most abundant
small isoform of Cx43 which is essential for full-length
Cx43 trafficking, in nitrogen-oxygen induced traumatic brain
injury-like damage in vitro. Promotion of normal mitochon-
drial transfer from astrocytes to neurons appears to be a novel
treatment approach for brain injury. Hematopoietic Cx43-
deficient chimeric mice also show reduced mitochondrial
transfer, which is rescued upon re-expression of Cx43 in
HSCs or culture with isolated mitochondria from Cx43-
deficient HSCs [63]. Although there is no evidence showing
the alteration of redox signaling during mitochondria traffick-
ing, the biological function of Cxs is likely to be affected by
ROS as mitochondria are the major sources of ROS genera-
tion [64].

In the aspect of mitochondrial Cx43, it was for the first
time demonstrated that the common Cx isoform Cx43 is
located in the mitochondria of human umbilical vein endo-
thelial cells in 2002 [65]. Since then, full-length Cx43 has
also been described in the mitochondria of astrocytes and
cardiomyocytes [24, 66, 67]. Mitochondrial Cx43 expres-
sion is associated with respiratory complex I activity, oxygen
consumption [66] and potassium uptake [68]. In recent
years, the relationship between mitochondrial Cx43 and
ROS production has been discussed. For instance, in
doxorubicin-induced cardiotoxicity, mitochondrial Cx43 ex-
erts cardioprotective effects via reducing mitochondrial ROS
production [69]. Inhibition of Cx43 translocation to mito-
chondria significantly increases mitochondrial superoxide
formation and the consequent apoptosis induced by
trastuzumab [70]. Although the exact mechanisms by which
Cx43 regulates ROS generation remain mostly unknown,
these data described above implicate that overexpression of
Cx43 in mitochondria plays a role in decreasing ROS con-
centration, essential for the protective effect of various dis-
ease pathologies including ischemia pre- or post-
conditioning.
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Fig. 2 Cxs mediate the transport of redox signaling molecules. Cxs can
mediate the permeability of diverse redox-related metabolites, including
ROS, GSH, NAD", and NO. Cx43-mediated GJs and HCs as well as
Cx32-composed HCs can mediate the ROS transfer. Cx46-formed GJs
are permeable to intracellular GSH flux. Cx43 and Cx50-composed HCs
can cause efflux of GSH and intracellular GSH flux, respectively. NAD*
transport is affected by Cx43-HCs. The functional states of HCs formed
by Cx43, Cx40, or Cx37 are able to modulate NO level. Cx, connexin;
GJ, gap junction; GSH, glutathione; HC, hemichannel; NAD™, nicotin-
amide adenine dinucleotide; NO, nitric oxide; ROS, reactive oxygen
species

Conclusions and future perspectives

The evidence described in the review supports that redox and
Cxs have a mutual interplay, which is involved in disease
pathology. On the one hand, molecules associated with redox
potential affect the properties of Cx channels including GJs
and HCs. Oxidation of Cxs may act as an important mecha-
nism to regulate the functional activity of GJs and HCs espe-
cially in many pathological processes because in these condi-
tions release of diverse free radicals such as H,O, and NO
appear, which has been demonstrated to modulate GJs and
HCs. While the exact mechanism underlying redox regulation
of channels formed by Cxs is not well characterized, several
probable mechanistic bases are highlighted which include pro-
tein kinase activation and SNO modification at the Cys resi-
dues of Cxs as mentioned above. On the other hand, Cx-
composed channels mediate the permeability to redox-
related metabolites such as ROS, GSH, NAD™*, and NO
(Fig. 2). Although the potential molecular mechanism requires
an extensive discussion, it indicates, to some extent, that redox
potential is influenced by alteration of Cx channels.
Altogether, these descriptions point to the existence of
redox-Cxs crosstalk particularly in disease pathology and

targeting this interaction brings hope for treating various hu-
man diseases.

There are several considerations to be clarified. Firstly,
since Cxs have been recently shown to possess non-channel
functions such as gene transcription and protein interaction as
we mentioned above, redox potential may modulate Cx-based
non-channel activity, which requires further clarification in
ongoing studies. Secondly, in terms of the effect of Cxs on
redox signaling, certain Cx isoform, in particular Cx43, locat-
ed in the mitochondria, causes mitochondria dysfunction and
ROS generation. It is necessary to completely clarify the exact
molecular mechanisms to comprehensively understand the in-
teraction of redox and Cxs.
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