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�e formation of new blood vessels is an important physiological process that occurs during development. When the body is
injured, new blood vessel formation helps the body recuperate by supplyingmore oxygen and nutrients. However, this mechanism
can have a negative e�ect. In ophthalmologic diseases, such as corneal new blood vessels, neonatal vascular glaucoma, and diabetes
retinopathy, the formation of new blood vessels has become a critical component in patient survival. Connexin is a protein that
regulates the cellular and molecular material carried by cells. It has been demonstrated that it is widely expressed in vascular
endothelial cells, where it forms a slit connection between adjacent cells to promote cell-cell communication via hemichannels, as
well as substance exchange into intracellular environments. Numerous studies have demonstrated that connexin in vascular
endothelial cells plays an important role in angiogenesis and vascular leakage. �e purpose of this study was to investigate the
e�ect between the angiogenesis-associated factor and the connexin. It also reveals the e�ect of connexin on
ophthalmic neovascularization.

1. Introduction

Blood vessels can deliver nutrients to the entire body under
physiological conditions, promoting body growth and
wound healing and ameliorating ischemic tissue damage.
Pro- and antiangiogenic factors regulate angiogenesis. When
the balance is disrupted, numerous pathogenic alterations
can occur. Angiogenesis exacerbates the di�culty of
establishing successful treatment in proangiogenesis path-
ological conditions, including ophthalmic diseases [1]. In
healthy condition, cornea is transparent tissue and it is an
important refractive tissue to maintain vision. After trauma
or in�ammation, blood vessels grow into the transparent
cornea from the limbus, endangering vision [2]. Severe
diabetic retinopathy and wet age-related maculopathy, both
of which are caused by abnormal vascular growth and
leakage into the retina, eventually result in retinal hemor-
rhage, severe ischemia, and hypoxia, impairing vision [3].
�ere are two types of neovascularization: neo-
vascularization from the original vascular network
(sprouting) and nonsprouting angiogenesis, also referred to

as intussusceptive angiogenesis [4, 5]. In the transitional
period, pathological blood vessels sprout and di�erentiate
into neovascularization and subsequently become immature
blood vessels, which lack a complete vascular structure and
are prone to leakage. Following that, immature blood vessels
di�erentiate into tip cells and ultimately mature into blood
vessels [6]. Angiogenic factors are overexpressed during
pathological vascular formation. Numerous in�ammatory
cells in�ltrate and release a variety of factors, including
VEGF, TNF-α, IL-1β, PDGF, and EGF [7]. �ese angiogenic
factors have an e�ect on angiogenesis in the surrounding
microenvironment, and researchers attempt to inhibit this
process by blocking the transmission of these factors.

A critical component of maintaining body homeostasis
is maintaining the stability of signal communication from
cell to cell or from cell to the external environment [8]. In
comparison to other cell contact protein complexes, con-
nexin plays a unique role. Every six proteins form a hem-
ichannel, and the hemichannel between adjacent cells forms
a gap junction. �e gap junction allows the movement of a
variety of substances with molecular weights up to 1000Da
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between cells. Along with intercellular communication,
these hemichannel proteins enable the cell to exchange
substances with its surrounding microenvironment [8–10].
)ere are 21 connexin genes in human tissues, including
Cx43, Cx36, Cx45, Cx32, and Cx57. Connexins can self-
assemble into homopolymers and heteropolymers. )e
vascular system expresses gap junction proteins Cx40, Cx43,
Cx37, Cx45, and Cx32, respectively, of which Cx43 is the
most abundant, and hence the protein has been the most
researched [11, 12].)e CT terminal of Cx43 is an important
sequence because it can regulate a variety of signaling
pathways. )is is referred to as the noncanonical connexin
route. It is precise because the CT terminal of Cx43 is rich in
proline and serine that it serves as a target for the interaction
of numerous proteins and kinases, hence regulating cell
function. Cx43 CT has been demonstrated to influence the
mitotic signaling pathway, hence controlling cell growth,
differentiation, and migration [13].

Environmental stimuli have a significant influence on
angiogenesis, and these stimuli can affect the function and
expression of connexin in vascular endothelial cells. Inter-
estingly, altering connexin expression in vascular endothelial
cells can also alter their function, thus affecting angiogenesis
[14, 15]. )e purpose of this study is to collect existing
evidence regarding the effect of relevant factors on connexin
expression during angiogenesis. Simultaneously, we dis-
covered how changes in connexin affect ophthalmic neo-
vascular diseases.

2. Effect of Connexin on Vascular Development

In the Cx43 knockout mouse model, the expressions of
angiogenesis-related genes such as the VEGF signal pathway
gene VEGFA and NOTCH signal pathway genes Jagged1,
DLL4, and Notch4 were found to be overexpressed in the
heart tissue. Increased expression of these genes resulted in
abnormal coronary artery branches in mice, impairing their
heart development. )e mice died early and had a decrease
in distal coronary artery branches, indicating a vascular
remodeling defect. )e findings indicate that Cx43 is re-
quired for the formation and remodeling of coronary vessels
[16]. Similarly, in the Cx43 knockout mouse, defects in the
early stages of cardiac primitive coronary plexus remodeling
were seen [17, 18].

Cx43-deficient mice exhibited a similar effect on he-
patic vein angiogenesis. After establishing a mouse cho-
lestasis model, it was discovered that while heterozygous
knockout mice had normal bile duct development, hepatic
venous angiogenesis was significantly decreased [19]. Di-
abetes-induced downregulation of Cx43 expression in-
creases diabetic retinopathy, a retinal vascular disease. At
the same time, the researchers discovered that Cx43 het-
erozygous knockout mice had similar vascular alterations,
most notably loss of retinal pericytes and an increase in
acellular capillaries. It is hypothesized that decreased Cx43
expression in blood vessels contributes significantly to the
abnormal development of blood vessels in diabetic reti-
nopathy [20].

3. The Interaction betweenConnexin andVEGF

3.1. #e Effect of Connexin on VEGF. In angiogenesis, the
VEGF family is the primary regulating factor, with VEGFA
playing a significant role. VEGFA is used in conjunction
with its receptors VEGFR1 and VEGFR2 to activate the
passage, thereby promoting vascular endothelial cell sur-
vival, proliferation, migration, and ultimately the formation
of new blood vessels [21]. Connexin has been shown to
influence the release of VEGF from a variety of cell types.

Connexin43 hemichannels modulate inflammation in
human retinal pigment epithelium cells by regulating ATP
release. Under the condition of high glucose, the release of
IL-6, IL-8, MCP-1, sICAM-1, and VEGF increased when
human retinal pigment epithelial cells were stimulated with
IL-1β and TNF-α, but the expression of these cytokines
decreased significantly after using a Cx43 blocker peptide5.
It has been proposed that blocking the function of Cx43 can
inhibit inflammation [22]. However, under conditions of
oxidative stress, overexpression of Cx43 in retinal pigment
epithelial cells reduces VEGF gene and protein expression
[23–25]. Diabetic model mice showed retinal angiogenesis
and overexpression of vascular endothelial growth factor,
which was related to the overexpression of Cx43 in the retina
[26]. After coculture of outgrowth endothelial cells and
osteoblasts, the researchers discovered that intercellular
communication via Cx43 gap junction was improved, as was
VEGF expression by osteoblasts. )us they considered that
gap junction intercellular communication plays an impor-
tant role in cell development [27]. Cx43 also plays a role in
the development of chronic cerebral perfusion injury by
stimulating angiogenesis.)e researchers discovered that, 30
days following bilateral carotid artery stenosis in mice, wild-
type mice had more cerebral blood flow than Cx43+/− mice,
whereas Cx43+/− mice had lower levels of angiogenesis-
related proteins VEGF, HIF-1α, and its pathway protein
p-AKT. )ese proteins are also differentially expressed in
brain microvascular endothelial cells. )ey used siRNA to
inhibit Cx43 expression in cells, and the expression of these
proteins significantly decreased in these cells compared to
untreated cells when stimulated by angiogenesis [28].

It is well established that vascular endothelial cells not
only release VEGF but also absorb it from the external
environment via an autocrine/paracrine pathway [29].
Certain cells generate VEGF and can drive vascular endo-
thelial cell growth in a variety of ways, resulting in angio-
genesis. Numerous investigations have discovered that
interfering with intercellular communication can impair the
ability of vascular endothelial cells to absorb VEGF. )e
most critical phase in angiogenesis is the migration of
vascular endothelial cells. Monocytes have a role: they move
to blood arteries and release a significant quantity of
proinflammatory cytokines that stimulate vascular endo-
thelial cells [30]. Researchers discovered that when an is-
chemic brain injury occurs, bone marrow monocytes can
stimulate angiogenesis. When bone marrow monocytes and
vascular endothelial cells are cocultured, the VEGF secreted
bymonocytes will be uptook by the cells around them.When
inhibiting Cx43 function, this effect disappears [31].
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According to several studies, glioblastoma promotes an-
giogenesis via the Cx43 gap junction. Cx43 gap junctions are
required for the transport of VEGF from the glioblastoma to
endothelial cells and subsequent tube formation in endo-
thelial cells [32–34]. When vascular endothelium is injured,
it can be repaired in two ways, by expanding and prolif-
erating nearby endothelial cells or by transforming endo-
thelial progenitor cells in the blood circulation. )ese
paracrine vascular progenitor cells stimulate angiogenesis by
releasing VEGF. However, studies have shown that,
knocking down Cx43 expression in these cells, the release of
VEGF by vascular progenitor cells was decreased, hence
inhibiting angiogenesis [35].

However, in some cases, Cx43 has the reverse effect on
VEGF expression, and decreasing Cx43 expression promotes
VEGF expression. Decreased expression of Cx43, particu-
larly in tumor cells, not only promotes tumor migration but
also promotes the increase of VEGF in the tumor envi-
ronment, resulting in angiogenesis [14]. Researchers
knocked down Cx43 expression in human breast cancer
cells, which resulted in increased expression of VEGF and
aided cancer cell growth [36]. In addition to human tumor
cells, connexin was found to negatively regulate VEGFA in
animal tumor cells. Reduced Cx43 expression increases
VEGFA expression inmouse tumor cells, thereby promoting
tumor angiogenesis. In vivo experiments confirmed that the

Cx43 overexpressing tumor cells were implanted into mice.
In comparison to the control group, both tumor size and
blood vessel density were decreased [37]. )us, connexin
plays a critical role in tumor cells, not only in restricting
tumor growth but also in reducing the formation of path-
ological blood arteries in tumor cells. In tumor microen-
vironment, the inhibition of connexin function promotes
tumor growth (Table 1).

3.2. #e Effect of VEGF on Connexin. Connexins can mod-
ulate the expression of vascular endothelial growth factors,
while VEGF also affects connexin function. Connexin ex-
pression on the surface of the majority of cells increased in
response to high VEGF concentrations. Interfering with
VEGF expression and function can have a detrimental effect
on connexin. To begin, an increase in VEGF can enhance
connexin expression. Gap junctions are significantly en-
hanced in U-251 glioblastoma multiforme cells, following
VEGF treatment [48]. VEGF promotes the expression of
Cx43 in endothelial progenitor cells. At the same time, si-
lencing Cx43 activity inhibits VEGF’s ability to promote
endothelial progenitor cell homing and reendothelialization
[39]. Increased expression of VEGF120 results in increased
expression of Cx43, which decreases heart rate and hyper-
vascularizes the sinoatrial node [49]. )e expression of Cx43

Table 1: Effect of Cx43 on angiogenic factors.

Connexin type Angiogenic factors Comment
Cx43 VEGF [32] Cx43 facilitated the transport of VEGF from glioblastoma to endothelial cells
Cx43 GJ VEGF [31] BM-MNC promoted VEGF uptake into HUVEC through gap junction-mediated pathway

CX43 HC VEGF [22] Inhibition of Cx43 prevented the release of VEGF from human adult retinal pigment epithelial
cells

Cx43 HC and
GJ VEGF [38] Inhibition of Cx43 upregulated VEGF mRNA expression

Cx43GJ VEGF [39] Inhibition of Cx43 blocked the effect of VEGF on endothelial progenitor cells homing and
reendothelialization

Cx43 VEGF [24, 25] Suppression of Cx43 reduced VEGF secretion from human endometrial stromal cells
Cx43 VEGF [36] Suppression of Cx43 expression in human breast cancer cells increased VEGF expression

Cx43 VEGF [40] Inhibition of Cx43 gap junction function upregulated mRNA and protein expression of VEGF in
gingival fibroblasts

Cx43 VEGF [23] During oxidative stress conditions, overexpression of Cx43 in retinal pigment epithelial cells
reduced gene and protein expression of VEGF

Cx43 VEGF [35] Downregulation of Cx43 alleviated angiogenesis and VEGF secretion from endothelial progenitor
cells

Cx43 VEGF [37] Downregulation of Cx43 in tumor cells promoted VEGF expression leading to angiogenesis

Cx43 VEGF [28] Suppression of Cx43 expression in mouse brain microvascular endothelial cells reduced the
expression of VEGF

Cx43 bFGF [41] Downregulation of Cx43 expression decreased bFGF expression in prolactinoma cells
Cx43 bFGF and VEGF [42] Overexpression of Cx43 in MSCs promoted the release of VEGF and bFGF from infarcted heart

Cx43 MMP2 and MMP9
[43] Inhibition of the function of Cx43 in HUVECs downregulated MMP2 and MMP9 expression

Cx43 MMP9 [44] Inhibition of Cx43 reduced MMP9 expression in MDA-MB-231 breast cancer cells

Cx43 Claudin-5 and ZO-1
[45]

Downregulation of Cx43 decreased the expression of Claudin-5 and ZO-1, thus increasing vascular
permeability

Cx43 Claudin-5 and ZO-1
[28]

Cx43 stabilized blood vessels during chronic cerebral hypoperfusion. )e expression of ZO-1 and
Claudin-5 in Cx43+/− mice was downregulated

Cx43 Claudin-5 and ZO-1
[46] Overexpression of Cx43 promoted vascular growth and vascular leakage

Cx43 VE-cadherin [47] Downregulating Cx43 increased vascular leakage by decreasing expression of VE-cadherin
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induced by VEGF can alter over time in some cases [50]. One
research found that when primary porcine pulmonary artery
endothelial cells were exposed to VEGF, the expression of
Cx43GJs significantly decreased over the first hour. Cx43
expression was restored to normal levels following pro-
longed incubation [51].

As previously stated, connexin’s function is largely de-
termined by its CT terminal; thus, it is hypothesized that
VEGF affects connexin’s quantity and function via the CT
terminal. )e researchers discovered that VEGF can
phosphorylate the C-terminus of Cx43, impairing gap
junction intercellular communication. At the same time, it
can result in the internalization of Cx43 and accelerate its
decomposition. Pretreatment of primary porcine pulmonary
artery endothelial cells with VEGF can promote Cx43
C-terminal tail phosphorylation, leading to GJs internali-
zation. )is phenomenon is a result of VEGF activating a
hierarchical kinase cascade that includes PKC and MAPK
[51]. VEGF165 can also cause Cx43 phosphorylation in
ovine uterine artery endothelial cells through activating Src
family kinase signaling and MEK/ERK signaling, as a result
of inhibiting pregnancy-adapted Ca2+ burst function [52].
VEGF induces the phosphorylation of connexin 43 in
HUVECs, hence affecting gap junction intercellular

communication [53]. VEGF has been shown to impair Cx43
gap junction intercellular communication and promote
Cx43 endocytosis and phosphorylation in coronary capillary
endothelium [54]. VEGF activates VEGFR2 in both
Ea.hy926 and HUVECs and then induces Cx43 phosphor-
ylation via Src family kinase signaling and the Erk family of
MAP kinases. )erefore, the GJIC function of Cx43 is
blocked. However, after approximately one hour, this
function can be reversed. Researchers hypothesize that
VEGF-induced GJC blockade may act by increasing endo-
thelial permeability in injured blood vessels [55]. VEGF
inhibits the Ca2+ burst in pregnant sheep by phosphorylating
Cx43 at Tyr-265 and Ser-279/282 via the VEGFR2 Src and
ERK pathways. Additionally, VEGF inhibits GJC function by
activating VEGFR2 [56]. A variety of cell-cell junctions can
be formed between endothelial cells or with other cells, and
these junctions can be affected by various proangiogenesis
growth factors. Some related studies have found that gap
junction communication in vascular endothelial cells is
disrupted during the early stages of VEGF stimulation and
then resumes 1-2 hours after treatment. )is disruption is
attributed to VEGF’s effect on the phosphorylation state of
Cx43, which ultimately affects the permeability of vascular
endothelial cells [55] (Figure 1 and Table 2).

MEK ERK

Src Y265
S279/282

VEGFR2 connexin43 hemichannel

CT

VEGF Iysosome

Figure 1: )e connexin gene is transcribed and translated from the nucleus to the endoplasmic reticulum, where it undergoes simple
modification. )e connexin is then transfered to the Golgi apparatus, where it is assembled and finally transported to the cell membrane’s
surface. Every six connexins gather on the surface of the cell membrane to form a hemichannel. Additionally, hemichannels aid in signal
communication between the cell and its surroundings. On the other hand, the two hemichannels in each cell are combined to form a gap
junction, which may facilitate cell-cell communication. )e CT terminal of the connexin plays an important role in its function, since it
promotes endocytosis and aids in their entry into the lysosome for degradation. VEGF can regulate connexin function in two ways: It can
stimulate the MEK/ERK pathway, hence inhibiting the phosphorylation of Cx43 protein at S279/282. )e other is Src-mediated phos-
phorylation of Y265. )us, by modifying the gap junction protein’s CT terminus, its function can be modulated.
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4. The Interaction between Connexin and bFGF

FGFs can stimulate the growth of a wide variety of cell types.
)ey can help preserve the function of vascular endothelial
cells and encourage their proliferation during angiogenesis.
FGF can effectively stimulate the proliferation of vascular
endothelial cells and the formation of new blood vessels
during the wound repair process [66, 67]. FGF is a potential
angiogenic factor in cornea, and FGF can cause corneal
neovascularization by combining with VEGF [68]. In cor-
neal neovascularization, bFGF upregulates the activity of
fibroblasts and causes tissue to release a large amount of
VEGF and MMP14, which can induce corneal neo-
vascularization [69, 70]. In a rat model of prolactinoma,
carbenoxolone inhibited the Cx43 gap junction, hence de-
creasing bFGF expression [41]. Cx43 overexpression in
MSCs promotes the release of VEGF and bFGF in the in-
farcted heart. However, when gap junction inhibitors or
agonists are used, there is no difference between these two
angiogenic factors [42]. bFGF has a variable effect on gap
junctions and hemichannels in various cells. In C6 glioma
cells, bFGF and LPS inhibit the function of the Cx43 gap
junction but have a beneficial effect on the function of the

hemichannels. However, bFGF and LPS inhibited the
function of hemichannels in HeLa cells [57]. Angiogenic
factors stimulate gap junction heterocellular communication
between endothelial and hematologic malignant cells [58].
During wound healing, bFGF enhances wound healing in
part by promoting angiogenesis. Cx43 and GJIC expression
are increased because of the function of bFGF in skin fi-
broblasts [59]. )e same phenomenon occurs in cardiac
fibroblasts [61] (Tables 1 and 2).

5. The Interaction between Connexin and EGF

EGF cannot directly regulate the growth of blood vessels;
rather, it is considered an indirect regulator of angiogenesis.
Activation of the EGFR signaling pathway can increase the
expression of VEGF, thus affecting angiogenesis [7, 71, 72].
Numerous studies have discovered that connexin and EGF
interact to regulate cell proliferation. In ovarian cancer cells,
Cx43 gene knockout promoted EGF-induced cell prolifer-
ation, but overexpression of Cx43 decreased EGF’s influence
on ovarian cancer cell proliferation [73]. Cx43 expression
and the EGF/EGFR signaling pathway coregulate neural
progenitor cell self-renewal and differentiation. Among

Table 2: Effect of angiogenic factors on Cx43.

Angiogenic
factors Connexin type Comment

VEGF [52] Cx43 GJIC Activation of VEGFR2 by VEGF-E alone inhibited GJIC
VEGF [48] Cx43 GJIC EGF promoted GJIC in glioblastoma multiforme cells

VEGF [48] Cx43 GJ VEGF increased the expression of gap junction proteins in U-251 glioblastoma multiforme
cells

VEGF [39] Cx43 VEGF enhanced the expression of Cx43 in endothelial progenitor cells

VEGF [51] Cx43 GJ Exposure of primary porcine pulmonary artery endothelial cells to VEGFmarkedly suppressed
Cx43 GJs within 1 hour

VEGF [52] Cx43 GJ VEGF induced Cx43 phosphorylation leading to a decline in pregnancy-adapted Ca2+ burst
function

VEGF [49] Cx43 VEGF120 increased expression of Cx43 in heart
VEGF [50] Cx43 GJIC VEGF improved intercellular communication at the Cx43 gap junction

VEGF [54] Cx43 GJIC In coronary capillary endothelium, VEGF disrupted intercellular communication and
promoted Cx43 endocytosis and phosphorylation at the Cx43 gap junction

VEGF [53] Cx43 GJIC VEGF induced phosphorylation of connexin 43 to regulate gap junction intercellular
communication in HUVECs

VEGF [55] Cx43 GJIC VEGF reversibly inhibited GJIC function in EA.hy926 cells and HUVECs
bFGF and LPS
[57] Cx43 GJ and HC Inhibited Cx43 gap junctions but stimulated hemichannels in C6 glioma cells

bFGF and LPS
[57] Cx43 GJ and HC Inhibited Cx43 hemichannels function in HeLa cells.

bFGF and VEGF
[58] Cx43 GJIC Acted as angiogenic factors to increase gap junction heterocellular communication between

endothelial cells and hematologic malignant cells

bFGF [59] Cx43 expression and
GJIC bFGF stimulated GJIC and promoted Cx43 expression in skin fibroblasts

bFGF [60] Cx43 expression and
GJIC bFGF stimulation increased Cx43 expression and GJIC in cortical progenitor cells

bFGF [61] Cx43 expression and
GJIC bFGF stimulation increased Cx43 expression and GJIC in cardiac fibroblasts

TNF-α [62] Cx43 HC Under high glucose conditions, TNF-α increased Cx43 hemichannel function in EA.hy926 cells
TNF-α [63] Cx43 GJ and GJIC TNF-α decreased the amount of Cx43 gap junction protein and GJIC in corneal fibroblasts
TNF-α [64] Cx43 GJIC TNF-α decreased Cx43 GJIC in ovine uterine artery endothelial cells and HUVECs

MMP9 [65] Cx43 )e hypoxia-induced downregulation of Cx43 protein was markedly attenuated by
doxycycline, an inhibitor of MMP
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these, EGF stimulates the expression of Cx43 in cells,
whereas inhibition of Cx43 reduces the effect of EGF on cell
proliferation [74]. Cx43 inhibits EGF and FGF signaling by
reducing Src activity, impairing the proliferation and dif-
ferentiation of neural progenitor cells [75]. EGF regulates
mouse embryonic stem cell proliferation by promoting
CX43 phosphorylation [76]. EGF inhibits gap junctional
communication between cells by phosphorylating CX43 via
MAPK [77]. As previously stated, activation of certain ty-
rosine kinase receptor proteins can result in phosphoryla-
tion of the CT terminal of gap junction proteins, impairing
connexin function. )rough the MAPK pathway, EGF alters
the gating properties of Cx43, hence accelerating its inter-
nalization and degradation [13, 78].

6. The InteractionbetweenConnexin andPDGF

PDGF plays the role of recruiting pericytes and vascular
smooth muscle cells in the process of neovascularization and
develops neovascularization to stable and mature vessels
[79]. PDGF can modulate the function of vessels. It has two
receptors, PDGFα and PDGFβ, and can stimulate neo-
vascularization by regulating VEGF release and the prolif-
eration of cells around blood vessels. Its most important role
is to establish stable functional blood vessels by angiogenesis,
which recruits surrounding cells [80, 81]. As an important
regulator of angiogenesis, it also interacts with connexin in
the formation of new vessels. PDGF-BB can significantly
alter blood perfusion and vascular reactivity in rats during
hemorrhagic shock; however, this characteristic is depen-
dent on the integrity of connexin in vascular endothelial and
myoendothelial cells [82]. In the presence of VEGF and
PDGF, nanofiber-expanded human cord blood-derived
hematopoietic stem cells can induce the expression of Cx43
and angiogenic factors, thereby improving cardiac function
following myocardial infarction [83]. PDGF can modulate
the function of the Cx43 gap junction and accelerate its
internalization and degradation via MAPK and PKC sig-
naling pathways [78, 84].

7. TheInteractionbetweenConnexinandTNF-α

As a proinflammatory factor, TNF-α plays an important role
in both corneal inflammation and retinal inflammation. )e
occurrence of inflammation will also cause neo-
vascularization. TNF-α, in conjunction with VEGF, can
promote the growth of blood vessels. TNF-α can destroy the
sugar calyx layer of endothelial cells and enhance vascular
permeability, resulting in surrounding tissue edema [85]. At
the same time, TNF-α may recruit leukocytes to the in-
flammatory site via the release of chemokines, which in turn
release a variety of growth factors and cytokines that
stimulate angiogenesis [86]. Researchers have also discov-
ered an interaction between Cx43 and TNF-α. In EA.hy 926
cells, Cx43 hemichannel function was improved following
treatment with high glucose and IL-1β/TNF-α. Additionally,
this impact can be abrogated by knocking down Cx43 ex-
pression [87]. TNF-α production is increased during pre-
eclampsia, which inhibits Cx43 function via the Src pathway.

)is modification results in decreased vasodilation of the
uterine arteries [64]. Both Cx43 and GJIC are decreased in
human corneal fibroblasts via the ubiquitin-proteasome
pathway in response to TNF-α stimulation [63]. Both the
astrocytic Cx43 gap junctions and GJIC are downregulated
during inflammation. TNF-α activates the ubiquitin-
proteasome system, which regulates Cx43 and GJIC ex-
pression via a JNK-dependent pathway [88] (Table 2).

8. The Interaction between Connexin andMMP

One key step in corneal neovascularization is the hydrolysis
of vascular endothelial basement membrane and sur-
rounding extracellular matrix proteins, which is mainly
accomplished by MMP [79]. )e proteolytic function of
matrix metalloproteinases has been shown to induce an-
giogenesis, with MMP9 and MMP2 being implicated in this
process [89]. Cx43 regulates these two proteins. MMP2 is
thought to be related to the apoptosis-promoting effect of
capillaries in diabetic retinopathy. Under this condition, the
activation of MMP2 reduces the expression of Cx43 in
mitochondria [90, 91]. Ulinastatin affects monocyte-endo-
thelial adhesion by blocking ROS transfer between HUVECs
mediated by Cx43, resulting in decreasedMMP2 andMMP9
expression [43]. Oleamide, a Cx43 gap junction inhibitor,
has been shown to suppressMMP9 expression inMDA-MB-
231 breast cancer cells [44]. Hypoxia increased MMP-9
activation and decreased Cx43 protein expression in rat
H9C2 cardiomyocytes. Doxycycline, an MMP inhibitor, can
alter this phenomenon [65] (Table 1 and Table 2).

9. Effect of Connexin on Vascular Permeability

Endothelial cells’ barrier function is very important for the
function and integrity of blood vessels. Angiogenesis satisfies
the growth of the body’s organs and tissues under physio-
logical conditions by supplying sufficient nutrients to these
parts. In pathological situations, vascular leakage results in
tissue edema attracting a high number of inflammatory cells
to the injured site and eventually results in extracellular
matrix reconstruction and tissue damage [96, 97]. Adhesive
connections and tight junctions maintain the endothelial
barrier. VE-cadherin plays an important role in maintaining
barrier stability. When VE-cadherin is destroyed in em-
bryos, early embryonic death occurs, whereas adults expe-
rience vascular leakage and bleeding [96, 98]. Vascular
permeability is also highly dependent on the function of
tight junction proteins; when these proteins are affected,
vascular permeability increases, resulting in tissue edema.
)e key tight junction proteins are ZO-1 and occludin [99].
)e difference while the absence of tight junction protein
does not affect embryonic development can disrupt the
blood-brain barrier, leading to death from cerebral hem-
orrhage [100, 101]. )e destruction of vascular barriers
occurs in many neovascularization diseases. )is is mostly
because several growth factors, including VEGF, increase
vascular permeability in these inflammatory diseases. Cx43
also has an effect on the expression of compact protein
during angiogenesis. Cx43 expression decreases ZO-1 and
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occludin expression and increases vascular permeability,
resulting in vascular leakage.

Cx43 and ZO-1 have been shown to interact on the cell
membrane. After Cx43 is synthesized in the cell, it migrates
to the cell membrane surface in the form of a connexin or
hemichannel and interacts with cytoskeleton proteins and
ZO-1. Phosphorylation of cytoskeleton proteins can con-
tribute to the stability of hemichannels and gap junctions
[102–105]. In retinal diseases, destroying blood-retinal
barrier stability has a great impact on the retinal structure.
)is stability depends on the integrity of tight junctions
between cells [106, 107]. A significant pathogenic aspect of
diabetic retinopathy is the destruction of the blood-retinal
barrier, which is associated with decreased expression of
tight junction protein. It has been discovered that when
glucose levels are elevated, Cx43 expression in retinal en-
dothelial cells decreases, and the expression of ZO-1 and
occludin protein decreases, resulting in vascular leakage and
fundus hemorrhage [108]. In addition, researchers also
found that changes in the expression of connexin in mi-
tochondria also affect vascular function. Connexin in mi-
tochondria has been proved to regulate apoptosis. Retinal
endothelial cells in high glucose environment expressing
mitochondrial damaging and decreasing of mitochondrial
connexin [90, 109, 110]. According to a previous study, Cx43
can affect the rate of wound healing in cerebral vascular
endothelial cells by forming a complex with ZO-1 and al-
tering the dynamics of the cytoskeleton [111]. Cx43’s car-
boxyl tail interacts with ZO-1’s PDZ-2 domain [111–113]. In
corneal and skin injury models, disrupting the binding of
Cx43 and ZO-1 can promote epithelial repair [114–116].
Although the blood-brain barrier plays an important role in
the central nervous system, when inflammatory factors
invade, the permeability of microvascular endothelial cells in
the blood-brain barrier increases. Researchers have found
that when experimental mice were stimulated with LPS, the
permeability of the blood-brain barrier increased and the
detection of associated proteins, occludin-1 and Cx43,
significantly decreased [117]. Increased vascular perme-
ability is a significant consequence of sepsis, and some re-
searchers have discovered that changes in Cx43 are
associated with increased vascular permeability. Increased
expression of Cx43 was observed in both vascular endo-
thelial cells and tissues in the rat sepsis model and LPS-
induced increase in vascular permeability in rat pulmonary
vein endothelial cells, and the mechanism was related to the
Rock1-MLC20 phosphorylation pathway [118]. Cx43
upregulates the expression of osteopontin to increase vas-
cular permeability by downregulating tight junction proteins
ZO-1 and Claudin-5 [45]. Cx43 has been shown to stabilize
blood vessels in the brain in the presence of chronic cerebral
hypoperfusion. Mice were subjected to bilateral carotid
artery stenosis. Using a microscopic angiography method to
observe cerebral cortical veins, it was discovered that vas-
cular leakage increased and tight junction related proteins
decreased in Cx43+/− mice. ZO−1 and Claudin-5 expres-
sions were much lower in Cx43+/−mice than in wild mice.
)ere was also a difference in the expression of ZO−1 and
Claudin-5 in cerebral microvessels of Cx43+/− mice. siRNA

was used to inhibit Cx43 expression, and the expression of
tight junction-related proteins significantly decreased be-
tween treated and untreated cells in response to angiogenesis
stimulation [28]. Cx43 is involved in familial type 3 cerebral
cavernous hemangioma by influencing tight junction pro-
tein expression and thereby improving the permeability of
the brain endothelial cell barrier. In the brain tissue of mice
with this disease, Cx43 and GJIC were increased, angio-
genesis occurred, and vascular leakage also increased. )e
researchers discovered that Cx43 expression increased in
cerebral vascular endothelial cells, but the expressions of
tight junction proteins, Claudin-5 and ZO-1, decreased.)is
demonstrates that increased Cx43 expression promotes
vascular growth and causes vascular leakage in cerebral
hemangiomatosis [46]. )is is in contrast to the observation
that Cx43 maintains the vascular structure and enhances
tight junction protein expression in chronic cerebrovascular
injury diseases. We hypothesize that the blood vessels
formed by hemangiomas are neovascularization, the
structure of these vessels is unstable, and Cx43 inhibits the
expression of a compact protein. Additionally, in chronic
vascular disease, when blood vessels tend to be stable, Cx43
plays a role in vessel stabilization. In the early stage of LPS-
induced lung injury, the expression of Cx43 in micro-
vascular endothelial cells and vascular leakage increased.
In the early stage, the expression of tight junction-asso-
ciated protein VE-cadherin decreased and showed a
negative correlation with the change in Cx43. )erefore,
Cx43 promotes vascular leakage by inhibiting the VE-
cadherin expression during the early stages of inflam-
mation [47]. A related study found that ZO-1 can also
regulate the rate, size, and distribution of Cx43 formation
[119] (Table 1).

10. Connexin Affects Angiogenesis by Affecting
the Transmission of miRNA between Cells

miRNA is a small noncoding RNA, derived from introns or
exons. Numerous studies have established that miRNA plays
an important role in vascular-related diseases. In angio-
genesis-related diseases, miRNA expression is aberrant,
which plays an important role in the regulation of vascular
endothelial cells, periendothelial cells, and angiogenic sig-
nals. )erefore, by altering the expression level of miRNA,
researchers can treat ischemic diseases and inhibit tumor
growth via the angiogenic function and antivascular func-
tions of miRNA, respectively [120, 121]. Many miRNAs play
an important role in the process of corneal neo-
vascularization. It was found that miRNA-31, miRNA-122,
miRNA-126, miRNA-132, miRNA-133b, miRNA-145,
miRNA-155, miRNA-184, and miRNA-205 were related to
corneal neovascularization. Moreover, the miRNA related to
neovascularization was detected by gene chip technology in
the cornea of inflammatory rats. Researchers found that
miRNA-21, miRNA-27a, miRNA-29, miRNA-142, and
miRNA-1224 were significantly changed in the cornea of
inflammatory rats [122]. Cx43, as an intercellular signaling
protein, can influencemiRNA expression and, in some cases,
its transmission between cells.
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miR-200b, a negative regulator, is conveyed to HUVECs
via the Cx43 gap junction in rat bone marrow mesenchymal
stem cells. Additionally, decreased miR-200b expression in
BMSCs reduces the expression of VEGFA, which is involved
in osteogenic differentiation. Increased miR-200b expres-
sion has been shown to inhibit vascular endothelial cells’
angiogenic capacity [93]. In malignant glioblastomas, miR-
5096, a proangiogenesis microRNA, can be transported from
malignant glioblastomas to endothelial cells via the Cx43 gap
junction. Increasing expression of the Cx43 protein can
facilitate the transfection of this microRNA from glioblas-
toma to endothelial cells, resulting in an aggressive growth of
the blood vessels [92]. Similarly, miR-145 and miR-5096
were also discovered to inhibit angiogenesis and tumor
growth when transmitted between human microvascular
endothelial cells and glioblastomas via the Cx43 gap junction
[94]. When colon cancer cells are cocultured with human
microvascular endothelial cells, functional Cx43 gap junc-
tions between the two cells are formed. miR-145 transfered
from colon cancer cells to human microvascular endothelial
cells via this gap junction, where it suppresses angiogenesis
[95] (Table 3).

11. Conclusions

Numerous studies have demonstrated that altering connexin
in vascular endothelial cells affects their function, hence
impacting neovascularization. However, the mechanism
through which the number and function of connexin affect
angiogenesis in vascular endothelial cells is unknown.
Variations in the expressions of angiogenic factors are
implicated in both physiological and pathological angio-
genesis. As an important visual organ, the eye is seriously
affected by pathological neovascularization in many cases.
At present, the antineovascularization drugs used in oph-
thalmology are limited, so we need to seek more methods to
solve this issue. )erefore, in this article, we summarize the
interaction between connexin and angiogenic factors.
Among them, VEGF is the most important growth factor,
and it has been discovered that connexin can regulate its
expression. Connexin primarily influences vascular growth
in an inflammatory environment by inhibiting the release of
VEGF from other cells surrounding vascular endothelial
cells. On the other hand, VEGF alters the function of
connexin or promotes its degradation mostly through its CT
terminus. Other angiogenic factors similarly interact with
connexin. As is well known, vascular leakage is another
significant aspect of pathogenic neovascularization.

Numerous studies have established a strong correlation
between the CT end of gap junction protein and the tight
junction protein ZO-1. Connexin exerts this effect on ZO-1
expression, hence regulating vascular leakage. )erefore, we
need to conduct additional research on connexin’s role in
angiogenesis, particularly how it affects the expression of
angiogenic factors. We hypothesize that altering the func-
tion of gap junctions may provide a mechanism for regu-
lating angiogenesis.
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[105] A. F. )évenin, R. A. Margraf, C. G. Fisher, R. M. Kells-
Andrews, and M. M. Falk, “Phosphorylation regulates
connexin43/ZO-1 binding and release, an important step in
gap junction turnover,”Molecular Biology of the Cell, vol. 28,
no. 25, pp. 3595–3608, 2017.

[106] H. Bao, S. Yang, H. Li et al., “)e interplay between
E-cadherin, connexin 43, and zona occludens 1 in retinal
pigment epithelial cells,” Investigative Opthalmology & Vi-
sual Science, vol. 60, no. 15, pp. 5104–5111, 2019.

[107] J. Gonzalez-Casanova, O. Schmachtenberg, A. D. Martinez,
H. A. Sanchez, P. A. Harcha, and D. Rojas-Gomez, “An
update on connexin gap junction and hemichannels in di-
abetic retinopathy,” International Journal of Molecular Sci-
ences, vol. 22, no. 6, 2021.

[108] T. Tien, K. F. Barrette, A. Chronopoulos, and S. Roy, “Effects
of high glucose-induced Cx43 downregulation on occludin
and ZO-1 expression and tight junction barrier function in
retinal endothelial cells,” Investigative Opthalmology & Vi-
sual Science, vol. 54, no. 10, pp. 6518–6525, 2013.

[109] K. Trudeau, T. Muto, and S. Roy, “Downregulation of mi-
tochondrial connexin 43 by high glucose triggers mito-
chondrial shape change and cytochrome c release in retinal
endothelial cells,” Investigative Opthalmology & Visual Sci-
ence, vol. 53, no. 10, pp. 6675–6681, 2012.

[110] A. Sankaramoorthy and S. Roy, “High glucose-induced
apoptosis is linked to mitochondrial connexin 43 level in

RRECs: implications for diabetic retinopathy,” Cells, vol. 10,
no. 11, 2021.

[111] C.-H. Chen, J. N. Mayo, R. G. Gourdie, S. R. Johnstone,
B. E. Isakson, and S. E. Bearden, “)e connexin 43/ZO-1
complex regulates cerebral endothelial F-actin architecture
and migration,” American Journal of Physiology—Cell
Physiology, vol. 309, no. 9, pp. C600–C607, 2015.

[112] P. L. Sorgen, H. S. Duffy, P. Sahoo, W. Coombs, M. Delmar,
and D. C. Spray, “Structural changes in the carboxyl ter-
minus of the gap junction protein connexin43 indicates
signaling between binding domains for c-Src and zonula
occludens-1,” Journal of Biological Chemistry, vol. 279,
no. 52, pp. 54695–54701, 2004.

[113] T. Toyofuku, M. Yabuki, K. Otsu, T. Kuzuya, M. Hori, and
M. Tada, “Direct association of the gap junction protein
connexin-43 with ZO-1 in cardiac myocytes,” Journal of
Biological Chemistry, vol. 273, no. 21, pp. 12725–12731, 1998.

[114] J. Montgomery, G. S. Ghatnekar, C. L. Grek, K. E.Moyer, and
R. G. Gourdie, “Connexin 43-based therapeutics for dermal
wound healing,” International Journal of Molecular Sciences,
vol. 19, no. 6, 2018.

[115] G. S. Ghatnekar, M. P. ’O’Quinn, L. J. Jourdan,
A. A. Gurjarpadhye, R. L. Draughn, and R. G. Gourdie,
“Connexin43 carboxyl-terminal peptides reduce scar pro-
genitor and promote regenerative healing following skin
wounding,” Regenerative Medicine, vol. 4, no. 2, pp. 205–223,
2009.

[116] K. Moore, Z. J. Bryant, G. Ghatnekar, U. P. Singh,
R. G. Gourdie, and J. D. Potts, “A synthetic connexin 43
mimetic peptide augments corneal wound healing,” Exper-
imental Eye Research, vol. 115, pp. 178–188, 2013.

[117] X. Cheng, Y.-L. Yang, H. Yang, Y.-H. Wang, and G.-H. Du,
“Kaempferol alleviates LPS-induced neuroinflammation and
BBB dysfunction in mice via inhibiting HMGB1 release and
down-regulating TLR4/MyD88 pathway,” International
Immunopharmacology, vol. 56, pp. 29–35, 2018.

[118] J. Zhang, G.-m. Yang, Y. Zhu, X.-y. Peng, T. Li, and
L.-m. Liu, “Role of connexin 43 in vascular hyper-
permeability and relationship to rock1-MLC20pathway in
septic rats,” American Journal of Physiology—Lung Cellular
and Molecular Physiology, vol. 309, no. 11, pp. L1323–L1332,
2015.

[119] A. W. Hunter, R. J. Barker, C. Zhu, and R. G. Gourdie,
“Zonula occludens-1 alters connexin43 gap junction size and
organization by influencing channel accretion,” Molecular
Biology of the Cell, vol. 16, no. 12, pp. 5686–5698, 2005.

[120] D. Kir, E. Schnettler, S. Modi, and S. Ramakrishnan,
“Regulation of angiogenesis by microRNAs in cardiovascular
diseases,” Angiogenesis, vol. 21, no. 4, pp. 699–710, 2018.

[121] L. L. Sun, W. D. Li, F. R. Lei, and X. Q. Li, “)e regulatory
role of micro RNA s in angiogenesis-related diseases,”
Journal of Cellular and Molecular Medicine, vol. 22, no. 10,
pp. 4568–4587, 2018.

[122] A. Mukwaya, L. Jensen, B. Peebo, and N. Lagali, “Micro-
RNAs in the cornea: role and implications for treatment of
corneal neovascularization,” Ocular Surface, vol. 17, no. 3,
pp. 400–411, 2019.

12 Journal of Ophthalmology


