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Abstract: Pulmonary hypertension is a serious clinical condition characterised by increased pul-
monary arterial pressure. This can lead to right ventricular failure which can be fatal. Connexins are
gap junction-forming membrane proteins which serve to exchange small molecules of less than 1 kD
between cells. Connexins can also form hemi-channels connecting the intracellular and extracellular
environments. Hemi-channels can mediate adenosine triphosphate release and are involved in
autocrine and paracrine signalling. Recently, our group and others have identified evidence that
connexin-mediated signalling may be involved in the pathogenesis of pulmonary hypertension. In
this review, we discuss the evidence that dysregulated connexin-mediated signalling is associated
with pulmonary hypertension.

Keywords: pulmonary hypertension; connexins; gap junctions; vascular remodelling; hypoxic
vasoconstriction; vascular reactivity; right ventricular hypertrophy

1. Introduction
1.1. Pulmonary Hypertension (PH)

Pulmonary hypertension (PH) is defined by a chronic increase in mean pulmonary
arterial pressure [1]. The increase in pulmonary arterial pressure leads to right ventricular
failure, which can be fatal. PH is associated with the narrowing of the distal pulmonary
arteries due to pulmonary vascular remodelling [2]. Pulmonary artery endothelial cells
(PAECs), pulmonary artery smooth muscle cells (PASMCs) and pulmonary artery fibrob-
lasts (PAFs) are all involved in the pulmonary vascular remodelling process. The medial
layer of the pulmonary artery (composed predominantly of PASMCs) becomes thickened.
The intimal layer can also become thickened, and disorganised proliferation of intimal
PAECs leads to the formation of plexiform lesions. Obliterative concentric lesions, charac-
terised by an onion skin arrangement of PAECs and/or PASMCs are also seen in patients
with PH [2]. PAFs derived from patients with PH and from animal models of PH have been
shown to have a hyperproliferative, apoptosis-resistant and pro-inflammatory phenotype.
In addition, PAFs have been shown to induce proliferation and migration of PASMCs
through the release of mitogens [3–5].

The increase in mean pulmonary arterial pressure observed in patients with PH can
be due to a variety of causes, thus PH can be sub-divided into five main clinical groups
(Table 1): pulmonary arterial hypertension (PAH; group 1), PH due to left heart disease
(group 2), PH due to chronic lung diseases or hypoxia (group 3), chronic thromboembolic
PH (group 4) and PH with unclear multifactorial mechanisms (group 5). PAH can be
idiopathic (for which there is no known cause), heritable (commonly associated with
mutations in the bone morphogenetic protein receptor type 2) or associated with the
ingestion of certain drugs such as dexfenfluramine and methamphetamine. PAH can also
be associated with certain conditions such as connective tissue disease or HIV infection [6].
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Throughout this review, we will discuss PAH and PH due to chronic lung disease or
hypoxia. Animal models will be referred to as models of PH.

Table 1. Classification of pulmonary hypertension (PH).

Group 1

Pulmonary arterial hypertension (PAH)

• Idiopathic PAH
• Heritable PAH
• Drug and toxin induced
• Associated with

• Connective tissue disease
• HIV infection
• Portal hypertension
• Congenital heart diseases
• Schitosomiasis
• Pulmonary veno-occlusive disease
• Persistent pulmonary hypertension

of the newborn

Group 2 PH due to left heart disease

Group 3 PH due to lung disease and/or hypoxia

Group 4 Chronic thromboembolic PH (CTEPH)

Group 5 PH with unclear or multifactorial mechanisms

Despite recent advances in our understanding of PH, current therapies serve only to
prolong life and increase the quality of life. They are unable to reverse disease progression,
and prognosis remains poor. In addition, current available therapies are primarily targeted
at PAH. The management of group 2–5 PH focusses on treating the underlying disorder [7].
Therefore, there is an urgent need for the development of novel therapeutic agents with
which to treat PH.

1.2. Overview of Connexins

Connexins are transmembrane proteins which can assemble to form gap junctions
between cells for the exchange of small molecules, less than 1 kD in molecular weight.
In addition, they can also form hemi-channels or connexons in the plasma membrane
for adenosine triphosphate (ATP) release and subsequent autocrine and/or paracrine
signalling (Figure 1). The half-life of connexins can range from 1.5 to 5 h [8,9]. There are
20 connexin genes in mouse and 21 in human. According to sequence homology and length
of cytoplasmic loops, these connexins can be grouped into alpha (α), beta (β), gamma
(γ), delta (δ) and zeta (ζ) [10,11]. Structurally, each connexin possesses four domains
(M1, M2, M3 and M4) spanning across the plasma membrane, with two extracellular
loops (E1 and E2) and one intracellular loop (IL) and amino (NH2) and carboxyl (COOH)
termini facing the cytoplasm. Each extracellular loop contains three highly conserved
cysteine residues. Six connexins are required to oligomerize to form a connexon (Figure 1).
The connexon oligomerization can be patterned as homomeric (composed of identical
connexins) or heteromeric (composed of different connexins). Disulphide bridges formed
between the cysteine residue of the two extracellular loops help maintain structural integrity
and dock two opposing connexons [12,13]. Docking of two connexons from adjacent
cells forms a gap junction (Figure 1). The formed gap junctions can also be composed
of homotypic or heterotypic connexons. Collectively, patterns of gap junctions can be
homomeric homotypic, heteromeric homotypic, homomeric heterotypic or heteromeric
heterotypic [14–16]. Classically, gap junctions formed by connexins permit the transfer and
exchange of small molecules less than 1 kD in molecular weight, including but not limited
to, inositol triphosphate (IP3), cyclic adenosine monophosphate (cAMP), cyclic guanosine
monophosphate (cGMP), adenosine trisphosphate (ATP) and even small interfering RNAs
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(siRNAs) [12,17,18]. In addition to this, connexins have also been shown to be present
in exosomes and to be involved in communication between exosomes and their target
cells [19].
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Figure 1. Structure of hemi-channels and gap junctions. (A) Six connexins assemble to form a
homomeric or heteromeric connexon (also known as hemi-channel). (B) Two connexons from
adjacent cells dock with each other to form a gap junction (homotypic or heterotypic) which allows
the exchange of molecules less than 1 kD in molecular weight such as Ca2+ (calcium), IP3 (inositol
triphosphate), cGMP (cyclic guanosine monophosphate), cAMP (cyclic adenosine monophosphate),
ATP (adenosine triphosphate) and siRNA (small interfering RNA). (C) The connexon can also
permit the release of molecules such as ATP (adenosine triphosphate) from the intracellular to the
extracellular space.

2. Expression and Function of Connexins in the Pulmonary Circulation
2.1. Expression of Connexins in the Pulmonary Vasculature

Within the pulmonary vasculature, studies have confirmed that Cx37, Cx40, Cx43
and Cx45 are expressed (Table 2). Studies in rat pulmonary arteries determined that Cx43
protein was localised mainly in the endothelium, whereas Cx40 and Cx37 proteins were
detected in both endothelial and smooth muscle layers [20–22]. Gene expression of Cxs 37,
40, 43 and 45 has been shown in rat PASMCs and PAFs [23,24]. Evidence has confirmed that
rat pulmonary artery endothelial gap junctions (gap junctions formed between endothelial
cells) consist of Cx43, Cx40 and Cx37; however, they are formed primarily by Cx43 and
Cx40 [25,26]. In vitro studies showed that the myoendothelial gap junctions (MEJ) between
rat PAECs and PASMCs were primarily formed by Cx43 [27]. Among the pulmonary
vascular connexins, we recently reported that the Cx43 gene (GJA1) was the predominant
connexin gene expressed in both rat PAFs and PASMCs [24]. Studies on the role of connexins
in the regulation of the pulmonary vasculature have so far focused on Cx40 and Cx43, with
some information available on Cx37. The role of Cx45 in the regulation of the pulmonary
vasculature has yet to be elucidated.
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Table 2. Expression of connexins in cells of the pulmonary vasculature.

Cell Type Connexins References

Pulmonary artery endothelial cells (PAECs) Cx43, Cx40, and Cx37 [20–22,25–27]

Pulmonary artery smooth muscle cells
(PASMCs) Cx43, Cx40, Cx37, and Cx45 [20–23,25–27]

Pulmonary artery fibroblasts (PAFs) Cx43, Cx40, Cx37, and Cx45 [24]

2.2. Altered Connexin Expression in the Pulmonary Vasculature of Patients with PH and Animal
Models of PH

Cx43 protein expression was increased in pulmonary arteries from patients with
chronic hypoxic PH and decreased in PASMCs derived from patients with idiopathic PAH.
There was no change in Cx43 protein expression in PAECs derived from patients with
idiopathic PAH [28]. This suggests Cx43 may have a cell type-specific role. Interestingly,
these data also suggest Cx43 may have a distinct role in idiopathic PAH compared to
chronic hypoxic PH, and further investigations into this are warranted.

Expression of Cxs 37 and 40 has also been shown to be dysregulated in patients with
PAH [29]. Kim and colleagues determined that Cx37 and Cx40 protein expression was
reduced in PAECs derived from PAH patients. In addition, Cx37 and Cx40 expression
was mediated by transcription factor myocyte enhancer factor 2 (MEF2), and its tran-
scriptional activity was impaired in PAH [29]. The expression of MEF2 was regulated by
phosphorylation and cytoplasmic translocation of histone deacetylases (HDACs) HDAC4
and HDAC5 [30]. The protein expression of HDAC4 and HDAC5 was increased in the
lungs of PAH patients [31]. Augmentation of MEF2 by siRNA inhibition of HDAC4 and
HDAC5 increased Cx37 and Cx40 expression in PAECs from PAH patients and promoted
disease rescue in the monocrotaline rat model [29]. In addition, Cx40 expression was
decreased in PAECs from mice with chronic hypoxia-induced PH [32] as well as in PASMCs
from monocrotaline rats [33].

Hypoxia causes pulmonary vasoconstriction and pulmonary vascular remodelling
and therefore can lead to the development of PH, [34]. Due to this, hypoxia is a commonly
used model of PH. Chronic hypoxia has been shown to increase Cx43 gene expression in
rat pulmonary arteries [21]. In line with this, our group found acute hypoxic exposure for
24h increased Cx43 protein expression in rat PAFs. On the other hand, we found Cx43
gene expression to be downregulated in pulmonary arteries derived from mice exposed to
two weeks of chronic hypoxia [35]. In vitro experiments also determined that Cx43 protein
expression was downregulated in rat PASMCs in response to acute hypoxia for 24h [36].
Discrepancies between these studies may be due to the cell/tissue type studied, hypoxic
duration, and oxygen concentration. Changes in protein expression of connexins in patients
with PH and in animal models of PH is summarised in Table 3.

2.3. Oestrogen-Induced Regulation of Connexin Expression

One of the major risk factors for the development of PAH is female sex. Female adults
under ~60 years old are around three times more likely than males of a similar age to
develop PAH; however, this sex difference does not persist in the older population [37].
This female bias has been associated with the sex hormone oestrogen [38]. It is therefore of
interest that oestrogen can regulate the expression of various connexins [39]. For example,
oestrogen has been shown to upregulate Cx43 gene and protein expression in human
myometrium [40,41], osteocyte-like MLO-Y4 cells [42] and rat myocardium [43]. In addition,
inhibition of oestrogen receptors with fulvestrant reduced Cx43 gene and protein expression
in breast cancer cells [44]. Multiple oestrogen response elements have been identified in the
Cx43 promoter. It is thought that transcription factor activator protein 1 (AP-1) is involved
in oestrogen-induced up-regulation of Cx43 [40]. In line with these findings, we have
shown Cx43 gene expression to be up-regulated in pulmonary arteries from female mice
compared to male mice [35].



Int. J. Mol. Sci. 2022, 23, 379 5 of 11

2.4. Connexin-Mediated Signalling in Pulmonary Vascular Reactivity

Connexins have been shown to be involved in serotonin- (5-HT) and endothelin-
(ET-1) induced contraction of the pulmonary vasculature. It has been well established
that both 5-HT and endothelin signalling is implicated in the pathogenesis of PH [45,46].
Billaud and colleagues determined that 5-HT-induced vasoconstriction in isolated rat
pulmonary arteries was inhibited by the connexin mimetic peptide (37,43Gap27) which
inhibits Cx37 and Cx43 [21]. Furthermore, reactive oxygen species (ROS) produced in the
pulmonary artery smooth muscle cells upon 5-HT-induced contraction can travel back to
the endothelial cells through MEJ and scavenge the vasodilator molecule NO [20]. We and
others have found that ET-1-induced contraction is increased in intra-lobar pulmonary
arteries derived from Cx43 heterozygous mice compared to wildtype mice [28,35].

Connexins have also been shown to be involved in pulmonary vasodilator responses.
Methacholine-induced pulmonary vasodilation was reduced in the presence of 37,43Gap27.
Methacholine-induced pulmonary vasodilation was also reduced in intralobar pulmonary
arteries derived from Cx43 heterozygous knockout mice (Cx43+/− mice) compared to wild-
type mice [35]. Interestingly, a recent study found Cx43 is a target of mi-R1, and incubation
with mi-R1 decreased acetylcholine-induced vasodilatory responses in PA, which was
associated with a reduction in Cx43 expression and an increase in O2

- production [47]. It
has been well established that mi-R1 is increased in hypoxia-induced PH [48,49]. Whether
the reduction in Cx43 expression observed in some studies after exposure to hypoxia [35,36]
is a direct effect of hypoxia exposure or an indirect effect through the induction of mi-R1-
dependent Cx43 mRNA degradation is worthy of investigation.

Within the pulmonary vasculature, hypoxia plays an important role in mediating
pulmonary vasoconstriction. The mechanisms involved in hypoxic pulmonary vasocon-
striction are complex and poorly understood. Multiple mechanisms such as dysregulated
potassium channel expression, abnormal Ca2+ entry and release mechanisms and pro-
cesses involving reactive oxygen species and mitochondria have been proposed in the
past [50–52]. There is also strong evidence to support a role for Cx40 in hypoxic pulmonary
vasoconstriction. Hypoxic pulmonary vasoconstriction was reduced in isolated perfused
lungs of Cx40 knock-out (Cx40−/−) mice compared to wildtype mice. Hypoxic vaso-
constriction was also attenuated in the presence of the non-specific gap junction blocker
18β-glycyrrhetinic acid (18β-GA) or 40Gap27, a Cx40-specific blocker [53]. Cx43 immunos-
taining, protein expression and phosphorylation levels did not differ between Cx40+/+

and Cx40−/− mouse lungs, suggesting functional gap junctions were present in Cx40−/−

mice. Interestingly, there was an additive effect in attenuating hypoxic vasoconstriction
by a combination of 40Gap27 and 43Gap27, which is a Cx43-specific blocker [53]. This
suggests Cx43 may also be involved in the process of hypoxic vasoconstriction. Another
group later showed nonspecific gap junction inhibitors such as 18β-GA, heptanol and 2-
aminoethoxydiphenyl borate (2-APB) abolished the sustained phase of hypoxic pulmonary
vasoconstriction produced by prostaglandin F2 alpha (PGF2α) in isolated rat intralobar
pulmonary arteries without affecting the intracellular Ca2+ concentration. Subsequently, it
was confirmed that 18β-GA attenuated hypoxic pulmonary vasoconstriction via inhibition
of Rho kinase-dependent Ca2+ sensitization [54]. This suggests gap junctions may play a
role in intracellular calcium sensitization during hypoxic vasoconstriction processes. In
line with a role for Cx40 in pulmonary vascular reactivity, a recent study has shown that
Cx40 plays a role in endothelium-dependent hyperpolarisation (EDH)-mediated relax-
ation in mouse small distal pulmonary arteries. The authors have further shown that in
mice, chronic hypoxia decreases endothelial Cx40 and therefore attenuates EDH-mediated
vasodilation, contributing to the development of PH [32].

2.5. Connexin-Mediated Signalling in Pulmonary Vascular Remodelling and Development of PH

Cx43+/− mice have been shown to be protected against hypoxic-induced pulmonary
vascular remodelling and lung inflammation. However, hypoxia-induced increases in right
ventricular systolic pressure or right ventricular hypertrophy were similar in Cx43+/− mice
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compared to wildtype mice [28]. Interestingly, Cx43 has been shown to be involved in
hypoxia-induced proliferation and migration of rat PAFs, which may lead to pulmonary
vascular remodelling. Hypoxia-induced proliferation and migration of rat PAFs were
inhibited pharmacologically by 37,43Gap27 and also by genetic reduction of Cx43 using an
siRNA approach [24]. In addition, 37,43Gap27 reduced hypoxic-induced phosphorylation
of ERK1/2 and p38 MAP kinase, both of which have been shown to play a role in hypoxia-
induced proliferation and migration of rat PAFs. It is important to note, however, that (as
discussed above) dysregulated expression of vascular connexins in patients with PH may
be specific to a subgroup of PH. For example, Cx43 expression is decreased in PASMCs
from patients with PAH, while it is increased in pulmonary arteries from patients with PH
associated with hypoxia. Therefore, as well as assessing the role of connexins in hypoxic
models of PH, it will also be important to assess the role of connexins in the development of
PAH in vivo using suitable animal models such as the SUGEN/hypoxic model. In addition
to data derived from hypoxic models, it has been shown that Cx43 is important in serotonin
signalling in the pulmonary vasculature. 5-HT is synthesised and released from PAECs and
acts on neighbouring PASMCs to promote their differentiation and proliferation [55,56].
It has been shown that 5-HT passes from rat PAECs to rat PASMCs through MEJ, as the
transfer of 5-HT between these cell types could be inhibited by the non-specific gap junction
blocker carbenoxolone or by siRNA knockdown of Cx43 [56].

Cx40−/− mice have also been shown to be protected against hypoxia-induced pul-
monary vascular remodelling. However, unlike Cx43 heterozygous mice, Cx40−/− mice
were protected against hypoxia-induced increases in right ventricular systolic pressure and
right ventricular hypertrophy [53]. As discussed above, Cx40 is thought to be important
in hypoxic pulmonary vasoconstriction; it may occur, through the inhibition of hypoxic
pulmonary vasoconstriction, that Cx40−/− mice are protected against hypoxia-induced PH.
The investigation of the possible role of Cx40 in the proliferation of pulmonary vascular
cells would be of interest.

Post-translational modification of connexin proteins can influence the proliferation
of vascular cells [57]. For example, in systemic vascular smooth muscle cells, MAPK-
phosphorylated Cx43 has been shown to interact with cyclin E to enhance proliferation [58].
On the other hand, post-translational modification of Cx37 has been associated with growth-
suppressive effects in a variety of cell lines [59–61]. In the pulmonary vasculature, a recent
study showed that hypoxia caused phosphorylation of Cx43 in rat pulmonary arteries and
rat PASMCs and that hypoxia-induced proliferation of PASMCs was inhibited by 37,43Gap27
or the knockdown of Cx43 [62]. As of yet, however, the effects of post-translational
modifications of connexins on the proliferation of pulmonary vascular cells remain to
be investigated.

2.6. Connexin-Mediated Signalling in the Right Ventricle in Animal Models of PH

Cx43 is abundantly expressed in the heart; Cx40 and Cx45 are also expressed, although
in lower quantities than Cx43. Aberrant connexin expression has been linked to a variety of
cardiac disorders [63]. With regard to PH, multiple studies have shown that Cx43 protein
expression was downregulated in the right ventricle of the monocrotaline rat model [64–66].
In addition to this, in hypertrophic right ventricles of monocrotaline rats, gap junctions
that were immunolabelled with Cx43 were internalized [67]. Interestingly, another study
showed that the treatment with a dual endothelin receptor antagonist improved the redistri-
bution of Cx43 in the myocardium of right ventricles derived from monocrotaline rats [68].
In addition, intra-tracheal gene delivery of sarcoplasmic/endoplasmic reticulum Ca2+ AT-
Pase 2a (SERCA2a) in monocrotaline-treated rats restored cardiac Cx43 gene and protein
expression and improved ventricular tachycardia [69]. However, in vivo functional studies
investigating the role of Cx43 in right ventricular failure associated with PH are lacking.
One study has shown that hypoxia-induced right ventricular hypertrophy was unchanged
in Cx43 heterozygous mice compared to wildtype mice [28]. A thorough investigation into
the role of Cx43 in right ventricular failure associated with PH is warranted.
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Table 3. Summary of the changes in protein expression of Cx37, Cx40, Cx43 and Cx45 in patients
with PH and in animal models of PH. Summary of the role of Cx37, Cx40, Cx43 and Cx45 in the
development of PH in animal models. ↔ no change, ↑ increased, ↓ decreased.

Connexins Protein Expression
in PH/PAH Patients

Protein Expression in
Animal and Cellular
Models of PH

Role in Development of
PH in Animal Models

Cx37 ↓ in PAECs from PAH
patients [29]

↔ in rat PASMCs
exposed to acute
hypoxia [24]
↑ in rat PAFs exposed to
acute hypoxia [24]
↓ in human lung tissue
section from PAH
patients [29]

Unknown

Cx40 ↓in PAECs from PAH
patients [29]

↓ protein expression in
PAECs from mouse with
chronic hypoxia-induced
PH [32]
↓ protein expression in
rat PASMCs exposed to
acute hypoxia [24]
↔ protein expression in
rat PAFs exposed to acute
hypoxia [24]
↓ protein expression in
lung tissues from the rat
monocrotaline model [33]

Hypoxic pulmonary
vasoconstriction reduced
in Cx40−/− mice and by
pharmacological
inhibition of Cx40 [53]
Cx40−/− mice are
protected against
hypoxia-induced PH [53]

Cx43 ↑in PAs from patients
with chronic hypoxic
PH [28]
↓in PASMCs in
patients with
idiopathic PAH [28]
↔ in PAECs in
patients with
idiopathic PAH [28]

↓ in whole lung tissue
from chronic hypoxia
mouse [35]
↑ in whole lung tissue
from sugen /hypoxic
rat [24]
↑ in rat PAFs exposed to
acute hypoxia [24]
↔ in rat PASMCs
exposed to acute hypoxia
(5% O2) [24]
↓ in rat PASMCs exposed
to acute hypoxia
(3% O2) [36]
↓ in right ventricle of rat
monocrotaline
model [64–66,69]
Internalization and
lateralization of Cx43 in
the right ventricle of the
rat monocrotaline
model [67,68]

Cx43+/− mice are
protected against
hypoxia-induced
pulmonary vascular
remodelling and lung
inflammation [28]

Cx45 Unknown ↔ in response to acute
hypoxia in rat PASMCs
and rat PAFs [24]

Unknown

3. Conclusions

The majority of studies have assessed the role of Cx40 and Cx43 in the regulation of
the pulmonary vasculature, with little being known about the function of Cx37 and Cx45
(Table 3). Cellular communication via Cx40 and Cx43 plays a role in pulmonary vascular
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reactivity, while Cx43 has also been shown to be involved in pulmonary vascular cell
proliferation. Abnormal pulmonary vasoreactivity and cellular proliferation can lead to the
pulmonary vascular contraction and remodelling associated with PH. Indeed, both Cx40
and Cx43 have been shown to be involved in the development of murine hypoxia-induced
PH. It is possible that dysregulation of connexin expression differs between subgroups
of PH, and therefore, it is also necessary to assess whether connexins are involved in the
development of PAH using suitable animal models.

Ultimately, more research is required to elucidate whether targeting aberrant connexin
function may be a novel therapeutic strategy for PH. Currently available drugs which target
specific connexins are peptides. The reduced bioavailability of peptide drugs presents
problems for both pre-clinical and translational research. Current in vivo studies on the
role of connexins in the development of PH have been conducted on genetically modified
mice. Currently, there are no published studies assessing the effects of the pharmacological
targeting of connexins on the development of PH in animal models. However, much
research is currently ongoing to improve the administration and the bioavailability of these
drugs, for example, using exosomes as vehicles for peptide delivery [70]. Indeed, connexin
mimetic peptides and analogues thereof are receiving increased attention in translational
research in areas related to cardiovascular disease, cancer, neurological disorders and
wound healing [71].
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