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In the normal liver, cells interact closely through gap junctions. By providing a pathway for the traffick-
ing of low molecular mass molecules, these channels contribute to tissue homeostasis and maintenance
of hepatic function. Thus, dysfunction of gap junctions affects a wide variety of liver processes, such as
differentiation, cell death, inflammation and fibrosis. In fact, dysfunctional gap junctions have been
implicated, for more than a decade, in cholestatic disease, hepatic cancer and cirrhosis. Additionally,
in recent years there is an increasing body of evidence that these channels are also involved in other rel-
evant and prevalent liver pathological processes, such as non-alcoholic fatty liver disease, acute liver
injury and portal hypertension. In parallel to these new clinical implications the available data include
controversial observations. Thus, a comprehensive overview is required to better understand the func-
tional complexity of these pores. This paper will review the most recent knowledge concerning gap junc-
tion dysfunction, with a special focus on the role of these channels in the pathogenesis of relevant
clinical entities and on potential therapeutic targets that are amenable to modification by drugs.
� 2019 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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Cell-to-cell communication is of extreme impor-
tance in tissue homeostasis, which is maintained
by transmission of regulatory signals1 (Fig. 1).
Intercellular communication via gap junctions
(GJs) represents one of the most important routes
of rapid signalling between cells. GJ channels span
2 plasma membranes and consist of 2 hemichan-
nels (connexons), one belonging to each cell. Each
hemichannel is formed by 6 connexin (Cx) sub-
units and is permeable to small molecules up to
1–1.5kD.1 They serve to provide electrical and
chemical conductance as well as metabolic assis-
tance.2,3 GJ communication is modulated by many
factors such as cytokines, growth factors and nitric
oxide (NO), making them susceptible to change
during cell stress and injury.4,5

Cxs consist of 4 transmembrane helices (M1-
M4). The N- and C-terminal ends are intracellular.
The primary sequence of the intracellular loop is
not well conserved, while the C-terminal sequence
varies a lot between Cxs with Cx26 being �20
amino acids and Cx43 being 150 amino acids
long.6 More than 20 Cxs have been identified with
different molecular weights and their expression
patterns vary between cell types and tissues.
Many different Cxs have been observed in the
liver. Endothelial cells, Kupffer cells and stellate
cells mainly express Cx43, hepatocytes express
Cx32 and to a lesser extent Cx26, while liver vas-
cular cells express Cx37 and Cx40 (Fig. 2).2,7–9

Across Cxs isoforms, there is a wide variation in
conductance (most hemichannels have a fixed
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negative charge in the pore making them cation
selective) and permeability characteristics that
have likely evolved according to the requirements
of the tissue in which they are expressed. More-
over, their plasticity allows them to compensate
for the loss or downregulation of other Cxs as
revealed by several knockout models.1 Further-
more, in these models, disturbed cell development
has been observed, suggesting that GJs and
hemichannels play an important role in processes
such as migration, differentiation and
proliferation.3

Cxs can also exist as functional hemichannels
allowing the exchange of ions between the intra
and the extracellular milieu.2,4 Under normal phys-
iological conditions, hemichannels are either
closed10 or in a flickering state.11 Maintaining con-
trolled gating to allow entry or exit of molecules
from the cell is very important to preserve normal
cellular integrity and function. Therefore,
hemichannels are constantly under the control of
factors such as membrane potential, pH, post-
translational modification (phosphorylation, ubiq-
uitination, S-nitrosylation), mechanical stimula-
tion and intracellular/extracellular calcium.3,12,13

Facilitated opening of hemichannels has been
shown to correlate with cell death in cerebral
ischaemia, resulting in the loss of osmoregulation,
excitotoxicity and the spread of inflammation.14

Although hemichannels and pannexins (struc-
turally similar to Cx proteins) are also of great
interest in liver disease, their role in liver disease
019 vol. 70 j 759–772
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Fig. 1. Representation of hepatocytes and gap junction functions, structure, trafficking messengers and strategies to evaluate gap junction functions. a)
Gap junctions participate in different functions. b) Individual connexins assemble intracellularly into hexamers, called connexons (hemichannels), which dock
with other connexons in adjacent cells, assembling an axial channel spanning 2 plasma membranes and a narrow extracellular gap. c) Different molecules pass
through the gap junctions. d) With different approaches the function of different connexins has been evaluated. 2-APB, 2-aminoethoxydiphenyl-borate.
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Fig. 2. Communication between liver cells through gap junctions. Diagram showing how different liver cells express Cxs. Cx, connexin. (See
above-mentioned references for further information.)

Review

760 Journal of Hepatology 2019 vol. 70 j 759–772



JOURNAL 
OF HEPATOLOGY
will not be discussed in any detail in this review
(for an extended review on liver pannexins see.15).
Key point

Gap junctions and
hemichannels participate
in a variety of liver
diseases.
Connexin and gap junction alterations in
disease
Cx protein mutations are associated with various
diseases such as hearing loss, which is linked to
Cx26 and Cx30, and atrial fibrillation which is
associated with a Cx40 mutation.16,17 Additionally,
under other pathological conditions, such as focal
ischaemia, opening of GJs serves a protective role,
enabling cells to save their compromised neigh-
bours by providing essential molecules to areas
of high demand.18 However, maintaining GJ com-
munication in severely injured or diseased tissue
areas allows the spread of toxic substances, prop-
agating and worsening cell injury.19 The diseases
associated with congenital or acquired Cx involve-
ment are shown (Fig. 3). It is notable that none of
the mutations described affect the liver.

During cardiac ischaemia, a decrease in GJ cou-
pling is observed, which results in slower conduc-
tion of electrical impulses and a higher risk of
arrhythmias.13,20 In Huntington’s disease an
increase in the expression of 5 Cxs was observed
in the astrocytes in the brain, suggesting an adap-
tive protective response.21 Cerebral ischaemia
results in uncoupling of astrocytes due to a
decrease in GJ function, which prevents astrocytes
from being able to redistribute ions and neuro-
transmitters resulting in ‘‘cell swelling”.22 In cir-
rhosis and acute-on-chronic liver failure (ACLF),23

studies indicated that increased expression of hep-
atic Cx43 was related to the severity of inflamma-
tion. This was suggested to be an adaptive
response of the liver for protection through better
intercellular communication.

Results on the role of Cx and GJ alterations dur-
ing various pathological states are controversial
(reviewed by2). However, the ability of GJ proteins
to participate in different physiological and patho-
logical states makes them attractive therapeutic
targets in different diseases.24 Therefore, this
paper will review recent knowledge concerning
the role of GJs in the pathogenesis of liver diseases.
Modulators of GJ function and targeting in
diseases outside the liver
Opposing approaches aimed at increasing or
decreasing GJ function have been explored to treat
different diseases. To improve GJ function in heart
diseases, GJ openers, such as the synthetic pep-
tides rotigaptide25 and danegaptide,26 were tested
and shown to reduce the burden of arrhythmias
and myocardial infarct size. However, a recently
published phase II study did not confirm the early
results.27 Other enhancers of GJ function such as
ACT1, a peptide that mimics the carboxyl terminus
of Cx43, have been evaluated in cutaneous ulcers28

and arrhythmias, where they led to wound
Journal of
re-epithelialization and reduced inducible
arrhythmias following ventricular injury, respec-
tively.29 Conversely, strategies that target specific
Cxs with antisense oligonucleotide and mimetic
peptides can be used if the goal is to block inter-
cellular communication.24 These strategies have
been shown to reduce inflammation and improve
neuronal survival after cerebral30 and retinal
ischaemia.31 They have also been shown to pro-
mote wound healing.32,33

In addition to the direct beneficial effects of
simply potentiating or blocking the channel, the
Cx targeting drugs may be used as adjuvants
potentiating the effects of other known therapeu-
tic agents. This is of particular interest in hepato-
cellular carcinoma (HCC) where GJs may favour
the delivery of cytotoxic drugs to tumour cells. In
this regard, studies have shown that GJ mimetics
facilitate the spread of cisplatin, conferring a bet-
ter therapeutic effect.34 Quinolone, a GJ opener
was recently shown to enhance cisplatin-induced
cytotoxicity,35 supporting the rationale for combi-
nation therapies that include GJ openers in the
treatment of various cancers such as colon,36

prostate37 and breast.38 In addition, inhibition of
GJ may reduce the toxic effects of drugs by pre-
venting the propagation of inflammatory or death
stimuli to neighbouring cells.39 Given the poten-
tially opposing effects of modulating GJ function,
clinical application in a given disease needs to be
carefully considered.
Acute liver injury and inflammation
GJs and Cxs are involved in settings where home-
ostatic regulation is crucial, such as during inflam-
mation and cell death. Available data indicate that
Cx26, Cx32 and Cx43 can contribute to acute liver
injury and inflammation related to drugs,
lipopolysaccharide (LPS) and ischaemia-
reperfusion injury. Given that several immune
cells including monocytes, macrophages and Kupf-
fer cells express Cx4340 and are known to be
involved in autoimmune liver diseases, the role
of GJs in specific autoimmune liver diseases
should be explored.41

Acute liver injury
To better understand the role of GJs in drug-
induced liver injury, studies in cells and animal
models have been conducted wherein Cx expres-
sion was modified by gene therapy or drugs
(Table 1). The observation that HeLa cells trans-
fected with herpes simplex virus induced the kill-
ing of a neighbouring cell through the diffusion of
toxic phosphorylated ganciclovir molecules after
enhancement of GJs,42 provided the rationale to
explore the role of GJs in acute liver injury. Acute
administration of carbon tetrachloride and
dimethynitrosamine, which induce acute liver
injury, resulted in reduced expression of Cx3243

due to transcriptional downregulation.44 Addition-
Hepatology 2019 vol. 70 j 759–772 761
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Fig. 3. Connexin types implicated in different organ diseases. Cxs are expressed in cells of almost every organ where dysfunction provokes different diseases.
Cx, connexin. (See above-mentioned references for further information.)

Table 1. Experimental studies describing the role of connexins in acute liver injury.

Studied
Cx

Animal model Type and dose of toxic Effects Reference

Cx32 Sprague-Dawley male
transgenic rat

Single intraperitoneal injection of D-
galactosamine (300 mg/kg body wt) and
carbon tetrachloride (0.5 ml/kg body wt)

Less evident necrosis and ballooning findings
in Cx32 deficient rats

Asamoto
et al.45

Cx32,
Cx43

Sprague-Dawley male
transgenic rat

Single intraperitoneal injection of
acetaminophen (250, 500, 1000 mg/kg body
wt)

Less inflammation after insult in rats lacking
Cx32, and induction of Cx43 expression

Naiki-Ito
et al.46

Cx32 Sprague-Dawley male rats Single intraperitoneal injection of carbon
tetrachloride (1.0 mL/kg body wt) and
dimethylnitrosamine (6.3–25 mg/kg body wt)

Decrease in hepatic Cx32 expression after
injury and inverse correlation with the
increase in plasmic alanine-aminotransferase
activity

Miyashita
T et al.43

Cx32 Ceramide synthase (CerS2) null
mice (altered gap junction
function)

Intraperitoneal injection of acetaminophen
(300 mg/kg body wt), D-galactosamine
(800 mg/kg body wt), carbon tetrachloride
(2 ml/kg body wt) and thioacetamide (200 mg/
kg body wt)

Less acetaminophen-induced hepatotoxicity
after ablation of Cx32

Park WJ
et al.47

Cx26,
Cx32

C57BL/6 Knock-out mice and
wildtype mice treated with 2-
aminoethoxydiphenyl-borate
(Cx blocker)

Intraperitoneal injection of thioacetamide
(200, 500 or 1000 mg/kg body wt) and
acetaminophen (500 or 750 mg/kg body wt)

Mice deficient in Cx32 and wildtype mice
(cotreated with 2APB) showed reduced
inflammation and oxidative stress

Patel SJ
et al.50

Cx32 C57BL/6 mice treated with 2-
aminoethoxydiphenyl-borate

Intraperitoneal injection of acetaminophen
(400 mg/kg body wt)

Protection by attenuation of c-jun-N-
terminal kinase but not related to a specific
role for Cx32

Du K
et al.150

Cx32 C57BL/6 Knock-out mice Intraperitoneal injection of acetaminophen
(300 mg/kg body wt)

No influence of Cx32 deletion Maes M
et al.151

Cx32 C57BL/6 Knock-out mice Intraperitoneal injection of acetaminophen
(100, 200, or 300 mg/kg body wt)

More susceptible to liver damage 24 hours
after the insult in Cx32 deficient mice

Igarashi I
et al.53

Cx43 C57BL/6 Knock-out mice Intraperitoneal injection of acetaminophen
(300 mg/kg body wt)

Cx43-deficient animals tended to show
increased liver cell death, inflammation and
oxidative stress in comparison with wild
type counterparts

Maes M
et al.44

Cx, connexin; wt, weight.
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Key point

Connexins form gap junc-
tions and hemichannels,
which have different
expression patterns
depending of the type of
liver disease.
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ally, Cxs were mislocalized from the cell surface to
the cytoplasm. Cx32 depleted animals exhibited
less severe liver injury after acute administration
of D-galactosamine, carbon tetrachloride, thioac-
etamide and acetaminophen.45,46 The severity of
liver injury increased to that in wild-type animals
following restoration of Cx32 by gene transfec-
tion.47 The potential role of GJs in contributing to
cell death is further supported by studies in cul-
tured hepatocytes, where suppression of Cx26
and Cx32 reduced the synchronization of cell
death after administration of acetaminophen.48

Taken together, these data suggest that the reduc-
tion in Cx32 during acute liver injury is likely to be
an adaptive response aimed at protecting healthy
cells from the propagation of toxins or messengers
associated with cell death. These data have been
translated into potential novel therapeutics tar-
geting blockade of Cx26 and Cx32 using 2-
aminoethoxydiphenyl-borate. Administration of
2-aminoethoxydiphenyl-borate49 before, concur-
rently or after inducing acute liver injury was
protective.50

In contrast to the decreased expression of Cx26
and Cx32 during acute liver injury, Cx43 expres-
sion increases.44,46 This unexpected increase sug-
gests that Cx43 may play a role in propagating
death signals.51 Accordingly, in liver cell cultures,
a progressive increase in Cx43 mRNA and protein
expression was observed during apoptosis.52 It is
possible that Cx43 mediates propagation of cell
death through caspase-3, a relevant factor in the
apoptotic cascade, as they co-localize when apop-
tosis is induced. In support of this hypothesis,
inhibition of Cx43 resulted in downregulation of
caspase-3.46 Overall, these data suggest that
blockade of Cx26 and Cx32, and counteracting
Cx43 overexpression may represent potential
therapeutic targets to reduce acute toxic liver
injury. Despite this, there are data contradicting
the protective role of Cx26 and Cx32 and the dele-
terious role of Cx43 in acute liver injury, suggest-
ing that the situation may be more complex than
first thought. Complete deletion of Cx32 was
shown to worsen acute liver injury53 and another
recent study has suggested that the increase in
Cx43 may well be an adaptive response, as knock-
ing out Cx43 was actually associated with worse
liver injury.44 It is possible that these radically dif-
ferent observations may be due to differences in
the animal species used, type of blocker/deletion
and the route and dose of administration of toxins
(Table 1).

Altogether, by means of targeted disruption of
Cx genes or drug manipulation, these results argue
for a crucial role of Cxs in the propagation of acute
liver injury, irrespective of the type of hepato-
toxin. However, the exact contribution of Cx
remains unknown, as GJs may provoke a positive
or negative effect on the severity of injury. The
complexity lies in the fact that the cell death or
survival response mediated by GJs may be deter-
Journal of
mined by the transfer of molecules that can pass
through them.18

Lipopolysaccharide-induced liver injury
There is compelling evidence in experimental ani-
mal models that administration of LPS, which
induces an inflammatory response, results in
decreased expression of Cx26 and Cx3254–58

(Table 2). This reduction in levels of Cx26 and
Cx32 protein expression in hepatocytes was
related to inflammation.55,59 However, a downreg-
ulation of these Cxs at the level of gene expression
by a post-transcriptional mechanism has also been
postulated.56 In the setting of experimental cirrho-
sis, the administration of LPS resulted in a further
reduction in both Cx26 and Cx32.23 This argues in
favour of a protective role of these Cxs, which shut
down intercellular communication and propaga-
tion of inflammation.

Meanwhile, increased expression of Cx43 has
been shown in stellate cells, macrophages,
endothelial cells and also in leukocytes in
response to LPS.7,60 This increase in Cx43 expres-
sion was also associated with increased activity
of Cx43, indicated by a higher dye coupling, sug-
gesting that Cx43 may play a role in liver inflam-
mation.61 Interestingly, inhibiting Cx43 in rats
treated with LPS using mimetic peptides was asso-
ciated with increased hepatocellular necrosis, sug-
gesting that the increased hepatic Cx43 expression
is most likely an adaptive protective response.23

Liver ischaemia and reperfusion
GJ channels and Cxs have a role in ischaemia-
reperfusion injury of the heart,62 brain19 and vas-
cular tissues.63–66 The proposed mechanism is
the initiation of an injury-signalling cascade that
is propagated through GJs, affecting cellular
metabolism.67 In addition to the exchange of sig-
nals, ions and messengers between adjacent cells,
functions independent of intercellular communi-
cation and related to the presence of Cx in the
mitochondria have also been shown. In this case,
Cx43 has important functions including modula-
tion of mitochondrial respiration and production
of reactive oxygen species.68

Hepatic ischaemia-reperfusion injury is com-
monly observed during partial hepatectomy and
liver transplantation, and Cxs have been studied
in this setting. In animal models of hepatic
ischaemia-reperfusion, an early decrease in Cx26
and Cx32 mRNA and protein expression was
observed.69,70 Partial prevention of this effect
was obtained with actinomycin D, which prevents
the degradation of Cx32 mRNA, although protein
expression of Cxs remained low, suggesting that
its regulation occurs by different post-
transcriptional and post-translational mecha-
nisms.71 This alteration is likely to represent an
adaptive response aimed at restricting the spread
of noxious signals to healthy areas. In keeping
with this hypothesis, in vitro experiments using
Hepatology 2019 vol. 70 j 759–772 763



Table 2. Experimental studies describing the role of connexins in inflammation induced by LPS.

Studied
Cx

Animal model Type and dose of toxic Effects Reference

Cx32 C57BL/6 Knock-out mice Intravenous injection of
LPS

Hypoglycemia was slightly prolonged, and cholestasis was much
worse in Cx32-deficient mice

Correa PR et al.54

Cx26,
Cx32,
Cx43

Sprague-Dawley male rats Intravenous injection of
LPS 2 mg/kg body wt

Cx26 and Cx32 were reduced after LPS whereas Cx43 increased
associated with prominent inflammation

Gonzalez HE
et al.55

Cx32 Sprague-Dawley male rats Intravenous injection of
LPS 1 mg/kg body wt

A decrease in the level of Cx32 mRNA in rat liver occurred at the
posttranscriptional level

Gingalewski C
et al.56

Cx26,d
Cx32

Sprague-Dawley male rats Intravenous injection of
LPS 1 mg/kg body wt

Decreased communication was observed associated to Cx
mislocalization and decreased Cx32 mRNA

De MA et al.57

Cx43 Cell culture LPS in culture medium Cx43 is tyrosine phosphorylated showing intercellular
resistance following exposure to LPS

Lidington D et al.58

Cx26,
Cx32,
Cx43

Sprague-Dawley male rats
induced to bile-duct
ligation

Intraperitoneal
injection of LPS 1 mg/
kg body wt

Cx26/32 expression inversely correlates with Cx43 expression
after LPS. However, inhibiting Cx43 produced hepatocellular
necrosis

Balasubramaniyan
V et al.23

Cx26,
Cx32,
Cx43

Cell culture from Wistar
male rats

LPS 1 lg/ml in culture
medium

LPS up-regulate Cx43 protein and messenger RNA expression,
and enhance intercellular communication in hepatic stellate
cells

Fischer R et al.7

Cx43 Sprague-Dawley male rats Intraperitoneal
injection of LPS 6 mg/
kg body wt

Kuppfer cells exposed to LPS showed Cx43 at cell-cell contacts
associated with higher dye coupling

Eugenin EA et al.61

Cx, connexin; LPS, lipopolysaccharide; wt, weight.

Key point

In general, connexins aim
to protect the liver from
injury in response to sev-
eral insults.

Review
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cell cultures, targeting the Cx32 gene increased
cell survival, which was associated with decreased
molecular permeability of GJs.72 An alternative
explanation is that a reduction of cell-to-cell com-
munication prevents disruption of cellular
metabolism.73

Ischaemic preconditioning, which attenuates
and protects against ischaemia-reperfusion dam-
age, is NO dependent.74,75 In this condition, cell-
to-cell coupling appears to be necessary for the
protective effect of preconditioning, as uncoupling
by chemical inhibitors significantly reduced the
protection provided by hypoxic preconditioning.
In addition, preconditioning led to an increase in
Cx43 expression, which was associated with
increased GJ permeability.76 Clearly, more research
is needed to understand the pathophysiological
alterations in ischaemia-reperfusion injury that
are related to Cxs. This research may identify
potential therapeutic approaches to reverse the
effects of ischaemia-reperfusion injury.
Role of connexins in hepatic fibrosis
Fibrosis is a consequence of pro-inflammatory
cytokine release, oxidative stress and necrosis/
apoptosis. Fibrosis is associated with the involve-
ment of stellate cells, which transform from a qui-
escent state into a proliferative and contractile
myofibroblast-like phenotype. Other neighbouring
non-parenchymal cells including cholangiocytes,
Kupffer cells and infiltrating monocytes interact
and contribute to further activation of stellate
cells.

In the normal liver, fenestrated liver sinusoidal
endothelial cells induce senescence of hepatic stel-
late cells. Capillarization of sinusoids reduces the
ability of endothelial cells to suppress stellate cell
activity.77,78 Although GJs may provide a direct
Journal of Hepatology 2019 vol. 70 j 7
pathway of intercellular communication, func-
tional communication between endothelial cells
and stellate cells has yet to be consistently identi-
fied.7,79 However, as previously discussed, Cxs
may contribute to intercellular transfer of angio-
crine signals after injury80 or may be incorporated
into microvesicles involved in promoting fibrogen-
esis.81 In this regard, Cxs, in particular Cx43, have
been shown to contribute to the composition of
membrane vesicles, making this an important tar-
get for future research.82

The role of GJs in liver fibrogenesis was studied
recently.83 Studies showed a significant decrease
in liver fibrosis in Cx32 knockout mice compared
to wild-type mice. Although the mechanism
underlying this protective effect of Cx32 deletion
is not clear, reduced oxidative stress was sug-
gested as a possible explanation. In experimental
models of cirrhosis induced by carbon tetrachlo-
ride, a downregulation of Cx32 was observed.84

In humans, reduced expression, as well as a re-
localization from the membrane to the cytoplasm
were also observed.71 This evidence argues for a
protective role of Cx32.

In models of fibrosis such as after Schistosoma
mansoni inoculation85 or common bile duct liga-
tion,23,55,86 Cx43 expression was increased while
the expression of Cx26 and Cx32
decreased.23,55,87,88 By contrast, others have
observed decreased expression,84,86 or aberrant
Cx43 positioned within the cytoplasm of cells,89

after chronic carbon tetrachloride administration.
Phenobarbital, which itself decreases GJs,90 is usu-
ally co-administrated to promote fibrosis,91 possi-
bly explaining the observed discrepancy.

Current evidence points towards a role of Cx43
in collagen matrix deposition. Administration of
chronic carbon tetrachloride to Cx43 deficient
mice resulted in a similar grade of fibrosis as
59–772
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observed in wild-type animals. Nevertheless, an
intensification of collagen deposition and nodule
formation with retraction of the liver capsule
was more evident in Cx43 deficient animals.89 In
apparent contradiction, another study evaluating
the role of Cx43 in fibrosis, aimed at discriminat-
ing between GJs and hemichannels. In both cases
when Cx43 was inhibited, mice treated chronically
with thioacetamide exhibited less fibrosis. Addi-
tionally, the authors concluded that hemichannel
blockade mediated reduced stellate cell activation
and reduced deposition of collagen.92 To add more
complexity, pannexins are involved in the trans-
port of ATP to the extracellular space where it is
converted to adenosine, which acts on its recep-
tors to stimulate fibrosis. In another recent study,
tenofovir, acting as a pannexin hemichannel
blocker had a direct antifibrotic effect.93
Cirrhosis and its complications
Portal hypertension
In liver disease, increased intrahepatic vascular
resistance contributes to the severity of portal
hypertension.94 In addition to the structural com-
ponent of portal hypertension caused by fibrosis, a
more dynamic component is also present.95 In cir-
rhosis, intrahepatic vascular tone is increased due
to dysfunction of sinusoidal cells and decreased
NO, resulting in impaired vasorelaxation in
response to acetylcholine.96 GJs connect endothe-
lial cells and allow for propagation of vasodila-
tion.97,98 Indeed, binding of acetylcholine
stimulates calcium-activated potassium channels
in the plasma membrane evoking hyperpolariza-
tion, which is conducted from cell to cell through
GJs.

Cx37, Cx40, Cx43 and Cx45 regulate vascular
tone.99 Cx40 and Cx43 are involved in regulation
of hepatic blood flow and are expressed in sinu-
soidal and endothelial cells of hepatic arteries
and portal veins7,86,100 (Fig. 4). This is consistent
with the observation that Cx43 expression is likely
to be absent during the resting state but induced
during endothelial dysfunction.101 It is notewor-
thy that the expression of Cx43 in stellate cells is
increased in parallel with its activation, while its
blockade inhibits propagated contraction in
response to calcium.7,102 Experiments conducted
in our laboratory showed that blocking GJs
increases portal perfusion pressure and reduces
vasodilatory response to acetylcholine.86 The
mechanism underlying this observation is not
clear but the data suggests this may be modulated
by Cx-mediated NO release.103

Decreased endothelial NO synthase activity in
the liver may also be due to upregulation of
caveolin-1.104 Interestingly, a strong association
of Cx40 and Cx43 with caveolin-1 has been identi-
fied in endothelial and epidermal cells.105 It is pos-
sible that Cx43 expression is implicated in
caveolin-1 overexpression in cirrhotic livers. Shear
Journal of
stress is a potent inducer of NO production and its
relationship with GJs has been evaluated. Shear
stress promoted Cx43 expression in endothelial
cells.106 Although increased expression of Cx43
seems not to be limited to the sinusoidal liver
cells, it is possible that the induction of Cx43
expression seen during cirrhosis is a compen-
satory mechanism to favour the transfer of mole-
cules in response to shear stress. By contrast,
changes in the Cx37 expression pattern caused
by shear stress are less clear.107 Interestingly,
Kruppel-like factor 2 (KLF2), which is activated
after induction of shear stress and upregulates
eNOS, has been suggested to regulate Cx37 expres-
sion. Indeed, shear stress induced Cx37 expression
was abrogated following KLF2 suppression, sug-
gesting that KLF2 acts as a transcription factor
for Cx37. Here again, the association of a relevant
NO promoter such as KLF2 with Cxs suggests a role
for GJs in the regulation of vascular tone.

In cirrhosis, following an increase in intrahep-
atic resistance, a progressive cascade of events
leads to splanchnic and peripheral vasodilation.
Sodium retention and volume expansion increases
cardiac output that in turn contributes to the
development of ascites, circulatory dysfunction
and renal failure.108 In opposition to the hepatic
circulation, systemic NO is elevated. In addition
to NO, other factors have also been hypothesized
to participate in arterial vasodilation, such as the
endothelium-derived hyperpolarizing factors109

and more specifically epoxyeicosatrienoic acids.110

GJs have been described as being fundamental in
conducting hyperpolarization directly from the
endothelium to vascular smooth muscle cells in
the arteries.110,111 In small resistance mesenteric
arteries of cirrhotic rats, inhibiting epoxye-
icosatrienoic acids promoted vasoconstriction, an
effect that was shown to be independent of NO
and prostaglandin, as it was still observed after
their inhibition.112 However, the effect of epoxye-
icosatrienoic acids was blunted following pre-
treatment with a GJ blocker, suggesting that
epoxyeicosatrienoic acids may initiate a hyperpo-
larizing response that is conducted to vascular
smooth muscle cells by myoendothelial GJs with
consequent vasorelaxation. NO is also responsible
for improving Cx43 communication between
endothelial and myoendothelial cells. This is
because of its ability to nitrosylate proteins, thus
modifying protein function.113 Indeed, NO has
been shown to s-nitrosylate Cx43 channels.114

Hepatic encephalopathy
Hepatic encephalopathy (HE) is an important neu-
ropsychiatric complication that is associated with
end-stage liver disease and has a multifactorial
pathogenesis. Work from our laboratory recently
demonstrated that Cx-hemichannel functionality,
and consequently lactate transport, was impaired
in the cerebral cortices of bile duct ligated rats
with mild HE.115 While the expression of the main
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Fig. 4. Role of connexins in portal hypertension in cirrhosis. Different cells in the liver participate in fibrosis and vascular tone, contributing to increased
intrahepatic resistance. Cxs participate in arterial vasodilation by conducting hyperpolarization directly from endothelium to vascular smooth muscular cell in
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Key point

The functions of gap
junctions and hemichan-
nels are amenable to modi-
fication with drugs, making
them attractive therapeutic
targets.
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astrocytic and neuronal Cxs was unaffected, the
results of this study suggest that HE is associated
with impairment of hemichannel functionality in
the central nervous system, with ammonia playing
a key role. The data supporting Cx-hemichannel
dysfunction provide evidence of a possible mecha-
nism underlying the pathogenesis of HE, involving
a potential neuronal energy deficit due to
impaired hemichannel-mediated lactate transport
between astrocytes and neurons.
Cholestatic disease
GJs are involved in bile secretion and regulation of
bile flow,116–119 and any alteration in intercellular
transmission of secondary messengers might be
expected to result in cholestasis. After bile duct
ligation, GJ expression was decreased.120,121 This
was associated with a marked reduction in protein
levels of Cx26 and Cx32,23,55,87,88 which seems to
be related to the associated inflammatory
response.55 In addition, an increase in cholestatic
bile acids such as taurolithocholate,
taurolithocholate-sulfate and taurochenodeoxy-
cholate promotes the closed state of GJs and wors-
ens intercellular communication, making
cholestasis worse.122

However, the expression of Cx43 increases fol-
lowing bile duct ligation55,87 and after the devel-
opment of cirrhosis.23,86 The protein expression
of Cx43 was further increased following LPS chal-
lenge and reduced following treatment with anti-
TNF drugs.23 These data suggest that the activation
and infiltration of macrophages contribute to this
adaptive response, which involves the in the syn-
thesis and recycling of Cx43.55
Non-alcoholic fatty liver disease
Non-alcoholic fatty liver disease comprises a com-
plex disease spectrum, including hepatic steatosis,
non-alcoholic steatohepatitis (NASH), cirrhosis
Journal of Hepatology 2019 vol. 70 j 7
and eventually HCC. Intracellular signalling
cascades favour the deposition of fat in hepatocytes
and induce inflammation.123 Since GJs can modu-
late the transfer of molecules, Cxs potentially have
an important role inNASH. Cx32knockout ratswith
diet inducednon-alcoholic fatty liver disease devel-
opedmore pronounced oxidative stress, inflamma-
tion and liver injury than wild-type controls,124,125

suggesting that GJ plays a protective role by main-
taining homeostasis through cell-to-cell communi-
cation. However, using specific peptides to block Cx
hemichannels decreased triglycerides, cholesterol,
and inflammatory markers compared to controls,
in animals fed a high-fat diet.126 This apparently
paradoxical observation may be explained by the
fact that hemichannels are constitutively closed
and open after a pathological stimulus contrary to
Cx forming GJs. During injury different deleterious
molecules are exchanged between the extracellular
and intracellular environment of cells, so blocking
hemichannelsmay be responsible for the beneficial
phenotype reported in these studies. In keeping
with this study, genetically modified obese rats
treated with carbenoxolone, a non-specific blocker
of Cx, haddecreased liver steatosis, alongwith a sig-
nificantly decreased body fat percentage, hyper-
triglyceridemia, hypercholesterolemia and insulin
resistance.127

Pannexins, which form channels connecting
cells with the extracellular environment, have also
been studied in the setting of NASH.128 When
open these channels participate in inflammatory
processes.129 A decrease in lobular inflammation
and oxidative stress was observed in mice with
pannexin deletion. However, in this study a differ-
ent gene expression profile was observed in pan-
nexin deficient animals, particularly affecting
lipid metabolism and genes involved in the
inflammatory and oxidative stress response, sug-
gesting that more experiments focussed on specif-
ically blocking pannexins without modifying gene
expression need to be performed. Interestingly, at
59–772
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a cellular level, pannexins contribute to ATP
release, which functions as a pro-inflammatory
signal for recruitment and activation of inflamma-
tory cells in lipoapoptosis.130 Overall, these stud-
ies suggest that improving GJ permeability, or
blocking hemichannels either constituted by Cxs
or pannexins may represent relevant therapeutic
targets.
Hepatocellular carcinoma
The ability of GJs to regulate cellular prolifera-
tion131,132 supports the idea that these channels
could be involved in cancer pathophysiology. In
addition, there is evidence based on experimental
studies suggesting a possible role of GJs in liver
carcinogenesis. Targeted disruption of the Cx32
gene was associated with an increase in hepatic
tumours, possibly because of a reduction in the
propagation of apoptotic signals to adjacent
cells.133–135 In keeping with this and further sup-
porting the idea that Cxs may show tumour sup-
pressive properties, both Cx26 and Cx32
expression are decreased in HCC while a mislocal-
ization (and dysfunction) of the Cxs from the cell
membrane to the cytoplasm has also been
observed.136–140 In HCC tissues, a reduction in
the expression of Cx32 was associated with larger
more aggressive tumours, vascular invasion, and
poorer survival. Thus, experiments exploring the
potential benefit of GJ opening drugs should be
explored. Concerning this observation, doxoru-
bicin resistant HCC cell lines showed reduced
expression of Cx32. By contrast, overexpression
of Cx32 resulted in increased sensitivity of HCC
cells to the chemotherapy drug, supporting the
hypothesis that Cx32 could be also an important
target for counteracting drug resistance of
HCC.141,142 More recently, sorafenib, an oral multi-
kinase inhibitor approved for advanced HCC, was
shown to be more efficacious after increasing GJ
intercellular communication with all-trans
retinoic acid. This effect was abolished after
co-incubation with GJ inhibitor 18-alpha gly-
cyrrhetinic acid and oleamide.42,142

In an apparent contradiction, the observation
that Cx43 expression is increased in HCC cells sug-
gests that Cx43 may possibly have oncogenic
properties instead of suppressing tumorigene-
sis.143–146 In fact, the magnitude of expression of
Cx43 and its localization correlated with the
malignant potential,147 migration, invasive capac-
ity and metastatic ability of HCC.148 However, an
alternative explanation could be that the
increased expression of Cx43 is a compensatory
response to mislocalization of Cx43 as has been
postulated to occur in breast cancer.149 Additional
studies are needed to elucidate the exact role of
Cx43 in hepatocarcinogenesis.
Journal of
Conclusions
In conclusion, there is accumulating evidence that
GJs have important functions related to cell-to-
cell communication and that they contribute to tis-
sue homeostasis. These functions have relevant
consequences for the liver’s tolerance to acute
injury as well as chronic insult, such as that
observed in cirrhosis. It is clear that Cxs are
expressed in multiple cell types and have distinct
or even opposing roles depending on the liver cell
type studied and type of constituted channel. Dif-
ferent Cx subtypes are both downregulated and
upregulated in many liver disease conditions. This
may form the basis for new therapeutic strategies
focussed on specifically limiting or improving the
traffic of messengers. However, more research is
needed to elucidate the exact molecular mecha-
nisms involved in order to exploit this pathway
for the treatment of liver diseases.
Financial support
Dr. M. Hernández-Guerra is the recipient of a
Grant from Instituto de Salud Carlos III
(PI14/01243). This work was supported by a grant
for MHG from the Asociación Española para el
Estudio del Hígado (AEEH) and Fundación Canaria
Doctor Manuel Morales.
Conflict of interest
Rajiv Jalan has research collaborationswith Takeda,
Ocera, and Yaqrit, and consults with Yaqrit. Rajiv
Jalan is the founder of Yaqrit Limited, which is
developingUCL inventions for treatment of patients
with cirrhosis. Rajiv Jalan is an inventor of ornithine
phenylacetate, which was licensed by UCL to Mal-
linkrodt Pharma. He is also the inventor of Yaq-
001, DIALIVE and Yaq-005, the patents for which
have been licensed by UCL into a spinout company,
Yaqrit Ltd. The other authors declare that they have
no conflict of interest. Please refer to the accompa-
nying ICMJE disclosure forms for further details.
Authors’ contributions
MHG and RJ contributed in the concept and design
of the manuscript; MHG and AH written the
article.

Acknowledgements
MHG would like to thank Prof. Alexander V Gourine
Laboratory and Liver Failure Group at UCL for excel-
lent support.
Supplementary data
Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jhep.2018.12.
023.
Hepatology 2019 vol. 70 j 759–772 767

https://doi.org/10.1016/j.jhep.2018.12.023
https://doi.org/10.1016/j.jhep.2018.12.023


References
Author names in bold designate shared co-first authorship

[1] Sohl G, Willecke K. Gap junctions and the connexin protein family.
Cardiovasc Res 2004;62:228–232.

[2] Giaume C, Koulakoff A, Roux L, Holcman D, Rouach N. Astroglial
networks: a step further in neuroglial and gliovascular interactions.
Nat Rev Neurosci 2010;11:87–99.

[3] Giaume C, Leybaert L, Naus CC, Saez JC. Connexin and pannexin
hemichannels in brain glial cells: properties, pharmacology, and roles.
Front Pharmacol 2013;4:88.

[4] Rouach N, Glowinski J, Giaume C. Activity-dependent neuronal control
of gap-junctional communication in astrocytes. J Cell Biol
2000;149:1513–1526.

[5] Blanc EM, Bruce-Keller AJ, Mattson MP. Astrocytic gap junctional
communication decreases neuronal vulnerability to oxidative stress-
induced disruption of Ca2+ homeostasis and cell death. J Neurochem
1998;70:958–970.

[6] Fiori MC, Reuss L, Cuello LG, Altenberg GA. Functional analysis and
regulation of purified connexin hemichannels. Front Physiol
2014;5:71.

[7] Fischer R, Reinehr R, Lu TP, Schonicke A, Warskulat U, Dienes HP, et al.
Intercellular communication via gap junctions in activated rat hepatic
stellate cells. Gastroenterology 2005;128:433–448.

[8] Kumar NM, Gilula NB. Cloning and characterization of human and rat
liver cDNAs coding for a gap junction protein. J Cell Biol
1986;103:767–776.

[9] Vinken M. Gap junctions and non-neoplastic liver disease. J Hepatol
2012;57:655–662.

[10] Contreras JE, Saez JC, Bukauskas FF, Bennett MV. Gating and regulation
of connexin 43 (Cx43) hemichannels. Proc Natl Acad Sci U S A
2003;100:11388–11393.

[11] Bukauskas FF, Peracchia C. Two distinct gating mechanisms in gap
junction channels: CO2-sensitive and voltage-sensitive. Biophys J
1997;72:2137–2142.

[12] Retamal MA. Connexin and Pannexin hemichannels are regulated by
redox potential. Front Physiol 2014;5:80.

[13] Schulz R, Gorge PM, Gorbe A, Ferdinandy P, Lampe PD, Leybaert L.
Connexin 43 is an emerging therapeutic target in ischemia/reperfusion
injury, cardioprotection and neuroprotection. Pharmacol Ther
2015;153:90–106.

[14] Kim Y, Davidson JO, Green CR, Nicholson LFB, O’Carroll SJ, Zhang J.
Connexins and Pannexins in cerebral ischemia. Biochim Biophys Acta
2018;1860:224–236.

[15] Maes M, Decrock E, Cogliati B, Oliveira AG, Marques PE, Dagli ML, et al.
Connexin and pannexin (hemi)channels in the liver. Front Physiol
2014;10:405.

[16] Molica F, Figueroa XF, Kwak BR, Isakson BE, Gibbins JM. Connexins and
Pannexins in vascular function and disease. Int J Mol Sci 2018;19.

[17] Kelly JJ, Simek J, Laird DW. Mechanisms linking connexin mutations to
human diseases. Cell Tissue Res 2015;360:701–721.

[18] Decrock E, Vinken M, De VE, Krysko DV, D’Herde K, Vanhaecke T, et al.
Connexin-related signaling in cell death: to live or let die? Cell Death
Differ 2009;16:524–536.

[19] Lin JH, Weigel H, Cotrina ML, Liu S, Bueno E, Hansen AJ, et al. Gap-
junction-mediated propagation and amplification of cell injury. Nat
Neurosci 1998;1:494–500.

[20] Cascio WE, Yang H, Muller-Borer BJ, Johnson TA. Ischemia-induced
arrhythmia: the role of connexins, gap junctions, and attendant
changes in impulse propagation. J Electrocardiol 2005;38:55–59.

[21] Vis JC, Nicholson LF, Faull RL, Evans WH, Severs NJ, Green CR. Connexin
expression in Huntington’s diseased human brain. Cell Biol Int
1998;22:837–847.

[22] Kimelberg HK, Kettenmann H. Swelling-induced changes in electro-
physiological properties of cultured astrocytes and oligodendrocytes. I.
Effects on membrane potentials, input impedance and cell-cell
coupling. Brain Res 1990;529:255–261.

[23] Balasubramaniyan V, Dhar DK, Warner AE, Vivien Li WY, Amiri AF,
Bright B, et al. Importance of Connexin-43 based gap junction in
cirrhosis and acute-on-chronic liver failure. J Hepatol
2013;58:1194–1200.

[24] Willebrords J, Maes M, Crespo YS, Vinken M. Inhibitors of connexin
and pannexin channels as potential therapeutics. Pharmacol Ther
2017.

[25] Haugan K, Marcussen N, Kjolbye AL, Nielsen MS, Hennan JK, Petersen
JS. Treatment with the gap junction modifier rotigaptide (ZP123)

reduces infarct size in rats with chronic myocardial infarction. J
Cardiovasc Pharmacol 2006;47:236–242.

[26] Skyschally A, Walter B, Schultz HR, Heusch G. The antiarrhythmic
dipeptide ZP1609 (danegaptide) when given at reperfusion reduces
myocardial infarct size in pigs. Naunyn Schmiedebergs Arch Pharma-
col 2013;386:383–391.

[27] Engstrom T, Nepper-Christensen L, Helqvist S, Klovgaard L, Holmvang
L, Jorgensen E, et al. Danegaptide for primary percutaneous coronary
intervention in acute myocardial infarction patients: a phase 2
randomised clinical trial. Heart 2018.

[28] Ghatnekar GS, Grek CL, Armstrong DG, Desai SC, Gourdie RG. The effect
of a connexin43-based Peptide on the healing of chronic venous leg
ulcers: a multicenter, randomized trial. J Invest Dermatol 2015;135:
289–298.

[29] O’Quinn MP, Palatinus JA, Harris BS, Hewett KW, Gourdie RG. A
peptide mimetic of the connexin43 carboxyl terminus reduces gap
junction remodeling and induced arrhythmia following ventricular
injury. Circ Res 2011;108:704–715.

[30] Davidson JO, Green CR, Nicholson LF, Bennet L, Gunn AJ. Connexin
hemichannel blockade is neuroprotective after, but not during, global
cerebral ischemia in near-term fetal sheep. Exp Neurol 2013;248:
301–308.

[31] Chen YS, Green CR, Teague R, Perrett J, Danesh-Meyer HV, Toth I, et al.
Intravitreal injection of lipoamino acid-modified connexin43 mimetic
peptide enhances neuroprotection after retinal ischemia. Drug Deliv
Transl Res 2015;5:480–488.

[32] Gilmartin DJ, Soon A, Thrasivoulou C, Phillips AR, Jayasinghe SN,
Becker DL. Sustained release of Cx43 antisense oligodeoxynucleotides
from coated collagen scaffolds promotes wound healing. Adv Healthc
Mater 2016;5:1786–1799.

[33] Grek CL, Prasad GM, Viswanathan V, Armstrong DG, Gourdie RG,
Ghatnekar GS. Topical administration of a connexin43-based peptide
augments healing of chronic neuropathic diabetic foot ulcers: a
multicenter, randomized trial. Wound Repair Regen 2015;23:203–212.

[34] Peterson-Roth E, Brdlik CM, Glazer PM. Src-Induced cisplatin resistance
mediated by cell-to-cell communication. Cancer Res 2009;69:3619–3624.

[35] Ding Y, Nguyen TA. Gap junction enhancer potentiates cytotoxicity of
cisplatin in breast cancer cells. J Cancer Sci Ther 2012;4:371–378.

[36] Nakamura Y, Chang CC, Mori T, Sato K, Ohtsuki K, Upham BL, et al.
Augmentation of differentiation and gap junction function by
kaempferol in partially differentiated colon cancer cells. Carcinogen-
esis 2005;26:665–671.

[37] Fukushima M, Hattori Y, Yoshizawa T, Maitani Y. Combination of non-
viral connexin 43 gene therapy and docetaxel inhibits the growth of
human prostate cancer in mice. Int J Oncol 2007;30:225–231.

[38] Grek CL, Rhett JM, Bruce JS, Abt MA, Ghatnekar GS, Yeh ES. Targeting
connexin 43 with alpha-connexin carboxyl-terminal (ACT1) peptide
enhances the activity of the targeted inhibitors, tamoxifen and
lapatinib, in breast cancer: clinical implication for ACT1. BMC Cancer
2015;3:296.

[39] Grek CL, Rhett JM, Ghatnekar GS. Cardiac to cancer: connecting
connexins to clinical opportunity. FEBS Lett 2014;588:1349–1364.

[40] Branes MC, Contreras JE, Saez JC. Activation of human polymorphonu-
clear cells induces formation of functional gap junctions and expres-
sion of connexins. Med Sci Monit 2002;8:BR313–BR323.

[41] Valdebenito S, Barreto A, Eugenin EA. The role of connexin and
pannexin containing channels in the innate and acquired immune
response. Biochim Biophys Acta 2017.

[42] Mesnil M, Piccoli C, Tiraby G, Willecke K, Yamasaki H. Bystander killing
of cancer cells by herpes simplex virus thymidine kinase gene is
mediated by connexins. Proc Natl Acad Sci U S A 1996;93:1831–1835.

[43] Miyashita T, Takeda A, Iwai M, Shimazu T. Single administration of
hepatotoxic chemicals transiently decreases the gap-junction-protein
levels of connexin 32 in rat liver. Eur J Biochem 1991;196:37–42.

[44] Maes M, McGill MR, Da Silva TC, Abels C, Lebofsky M, Monteiro Maria,
et al. Involvement of connexin43 in acetaminophen-induced liver
injury. Biochim Biophys Acta 2016;1862:1111–1121.

[45] Asamoto M, Hokaiwado N, Murasaki T, Shirai T. Connexin 32 domi-
nant-negative mutant transgenic rats are resistant to hepatic damage
by chemicals. Hepatology 2004;40:205–210.

[46] Naiki-Ito A, Asamoto M, Naiki T, Ogawa K, Takahashi S, Sato S, et al.
Gap junction dysfunction reduces acetaminophen hepatotoxicity with
impact on apoptotic signaling and connexin 43 protein induction in
rat. Toxicol Pathol 2010;38:280–286.

[47] Park WJ, Park JW, Erez-Roman R, Kogot-Levin A, Bame JR, Tirosh B,
et al. Protection of a ceramide synthase 2 null mouse from drug-

Review

768 Journal of Hepatology 2019 vol. 70 j 759–772

http://refhub.elsevier.com/S0168-8278(18)32643-6/h0005
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0005
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0010
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0010
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0010
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0015
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0015
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0015
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0020
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0020
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0020
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0025
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0025
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0025
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0025
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0030
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0030
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0030
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0035
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0035
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0035
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0040
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0040
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0040
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0045
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0045
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0050
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0050
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0050
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0055
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0055
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0055
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0060
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0060
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0065
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0065
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0065
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0065
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0070
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0070
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0070
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0075
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0075
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0075
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0080
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0080
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0085
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0085
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0090
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0090
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0090
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0095
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0095
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0095
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0100
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0100
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0100
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0105
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0105
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0105
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0110
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0110
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0110
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0110
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0115
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0115
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0115
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0115
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0120
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0120
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0120
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0125
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0125
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0125
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0125
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0130
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0130
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0130
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0130
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0135
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0135
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0135
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0135
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0140
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0140
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0140
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0140
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0145
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0145
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0145
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0145
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0150
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0150
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0150
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0150
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0155
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0155
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0155
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0155
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0160
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0160
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0160
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0160
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0165
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0165
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0165
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0165
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0170
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0170
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0175
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0175
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0180
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0180
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0180
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0180
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0185
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0185
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0185
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0190
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0190
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0190
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0190
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0190
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0195
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0195
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0200
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0200
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0200
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0205
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0205
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0205
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0210
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0210
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0210
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0215
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0215
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0215
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0220
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0220
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0220
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0225
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0225
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0225
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0230
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0230
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0230
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0230
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0235
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0235


induced liver injury: role of gap junction dysfunction and connexin 32
mislocalization. J Biol Chem 2013;288:30904–30916.

[48] Saito C, Shinzawa K, Tsujimoto Y. Synchronized necrotic death of
attached hepatocytes mediated via gap junctions. Sci Rep
2014;4:5169.

[49] Tao L, Harris AL. 2-aminoethoxydiphenyl borate directly inhibits
channels composed of connexin26 and/or connexin32. Mol Pharmacol
2007;71:570–579.

[50] Patel SJ, Milwid JM, King KR, Bohr S, Iracheta-Velle A, Li M, et al. Gap
junction inhibition prevents drug-induced liver toxicity and fulminant
hepatic failure. Nat Biotechnol 2012;30:179–183.

[51] Krutovskikh VA, Piccoli C, Yamasaki H. Gap junction intercellular
communication propagates cell death in cancerous cells. Oncogene
2002;21:1989–1999.

[52] Vinken M, Decrock E, Vanhaecke T, Leybaert L, Rogiers V. Connexin43
signaling contributes to spontaneous apoptosis in cultures of primary
hepatocytes. Toxicol Sci 2012;125:175–186.

[53] Igarashi I, Maejima T, Kai K, Arakawa S, Teranishi M, Sanbuissho A.
Role of connexin 32 in acetaminophen toxicity in a knockout mice
model. Exp Toxicol Pathol 2014;66:103–110.

[54] Correa PR, Guerra MT, Leite MF, Spray DC, Nathanson MH. Endotoxin
unmasks the role of gap junctions in the liver. Biochem Biophys Res
Commun 2004;322:718–726.

[55] Gonzalez HE, Eugenin EA, Garces G, Solis N, Pizarro M, Accatino L, et al.
Regulation of hepatic connexins in cholestasis: possible involvement
of Kupffer cells and inflammatory mediators. Am J Physiol Gastrointest
Liver Physiol 2002;282:G991–G1001.

[56] Gingalewski C, Wang K, Clemens MG, De Maio A. Posttranscriptional
regulation of connexin 32 expression in liver during acute inflamma-
tion. J Cell Physiol 1996;166:461–467.

[57] De MA, Gingalewski C, Theodorakis NG, Clemens MG. Interruption
of hepatic gap junctional communication in the rat during
inflammation induced by bacterial lipopolysaccharide. Shock
2000;14:53–59.

[58] Lidington D, Tyml K, Ouellette Y. Lipopolysaccharide-induced reduc-
tions in cellular coupling correlate with tyrosine phosphorylation of
connexin 43. J Cell Physiol 2002;193:373–379.

[59] Temme A, Traub O, Willecke K. Downregulation of connexin32 protein
and gap-junctional intercellular communication by cytokine-mediated
acute-phase response in immortalized mouse hepatocytes. Cell Tissue
Res 1998;294:345–350.

[60] Jara PI, Boric MP, Saez JC. Leukocytes express connexin 43 after
activation with lipopolysaccharide and appear to form gap junctions
with endothelial cells after ischemia-reperfusion. Proc Natl Acad Sci U
S A 1995;92:7011–7015.

[61] Eugenin EA, Gonzalez HE, Sanchez HA, Branes MC, Saez JC. Inflamma-
tory conditions induce gap junctional communication between rat
Kupffer cells both in vivo and in vitro. Cell Immunol
2007;247:103–110.

[62] Garcia-Dorado D, Inserte J, Ruiz-Meana M, Gonzalez MA, Solares J, Julia
M, et al. Gap junction uncoupler heptanol prevents cell-to-cell
progression of hypercontracture and limits necrosis during myocardial
reperfusion. Circulation 1997;96:3579–3586.

[63] Rodriguez-Sinovas A, Garcia-Dorado D, Ruiz-Meana M, Soler-Soler J.
Protective effect of gap junction uncouplers given during hypoxia
against reoxygenation injury in isolated rat hearts. Am J Physiol Heart
Circ Physiol 2006;290:H648–H656.

[64] Rawanduzy A, Hansen A, Hansen TW, Nedergaard M. Effective
reduction of infarct volume by gap junction blockade in a rodent
model of stroke. J Neurosurg 1997;87:916–920.

[65] Schwanke U, Konietzka I, Duschin A, Li X, Schulz R, Heusch G. No
ischemic preconditioning in heterozygous connexin43-deficient mice.
Am J Physiol Heart Circ Physiol 2002;283:H1740–H1742.

[66] Schwanke U, Li X, Schulz R, Heusch G. No ischemic preconditioning in
heterozygous connexin 43-deficient mice–a further in vivo study.
Basic Res Cardiol 2003;98:181–182.

[67] Aggarwal S, Randhawa PK, Singh N, Jaggi AS. Preconditioning at a
distance: Involvement of endothelial vasoactive substances in cardio-
protection against ischemia-reperfusion injury. Life Sci 2016;15:
250–258.

[68] Rodriguez-Sinovas A, Ruiz-Meana M, Denuc A, Garcia-Dorado D.
Mitochondrial Cx43, an important component of cardiac precondi-
tioning. Biochim Biophys Acta 2018;1860:174–181.

[69] Gingalewski C, De MA. Differential decrease in connexin 32 expression
in ischemic and nonischemic regions of rat liver during ischemia/
reperfusion. J Cell Physiol 1997;171:20–27.

[70] Nakashima Y, Kohno H, El-Assal ON, Dhar DK, Ono T, Yamanoi A, et al.
Sequential changes of connexin32 and connexin26 in ischemia-
reperfusion of the liver in rats. Hepatol Res 2003;27:67–75.

[71] Nakashima Y, Ono T, Yamanoi A, El-Assal ON, Kohno H, Nagasue N.
Expression of gap junction protein connexin32 in chronic hepatitis,
liver cirrhosis, and hepatocellular carcinoma. J Gastroenterol
2004;39:763–768.

[72] Wang R, Huang F, Chen Z, Li S. Downregulation of connexin 32
attenuates hypoxia/reoxygenation injury in liver cells. J Biochem Mol
Toxicol 2015;29:189–197.

[73] De MA, Vega VL, Contreras JE. Gap junctions, homeostasis, and injury. J
Cell Physiol 2002;191:269–282.

[74] Bolli R, Bhatti ZA, Tang XL, Qiu Y, Zhang Q, Guo Y, et al. Evidence
that late preconditioning against myocardial stunning in conscious
rabbits is triggered by the generation of nitric oxide. Circ Res
1997;81:42–52.

[75] Bolli R, Manchikalapudi S, Tang XL, Takano H, Qiu Y, Guo Y, et al.
The protective effect of late preconditioning against myocardial
stunning in conscious rabbits is mediated by nitric oxide synthase.
Evidence that nitric oxide acts both as a trigger and as a mediator of
the late phase of ischemic preconditioning. Circ Res 1997;81:
1094–1107.

[76] Rath G, Saliez J, Behets G, Romero-Perez M, Leon-Gomez E, Bouzin C,
et al. Vascular hypoxic preconditioning relies on TRPV4-dependent
calcium influx and proper intercellular gap junctions communication.
Arterioscler Thromb Vasc Biol 2012;32:2241–2249.

[77] DeLeve LD, Wang X, Guo Y. Sinusoidal endothelial cells prevent rat
stellate cell activation and promote reversion to quiescence. Hepatol-
ogy 2008;48:920–930.

[78] Xie G, Wang X, Wang L, Wang L, Atkinson RD, Kanel GC, et al. Role of
differentiation of liver sinusoidal endothelial cells in progression and
regressionofhepaticfibrosis in rats.Gastroenterology2012;142:918–927.

[79] Rojkind M, Novikoff PM, Greenwel P, Rubin J, Rojas-Valencia L, de
Carvalho AC, et al. Characterization and functional studies on rat liver
fat-storing cell line and freshly isolated hepatocyte coculture system.
Am J Pathol 1995;146:1508–1520.

[80] Ding BS, Cao Z, Lis R, Nolan DJ, Guo P, Simons M, et al. Divergent
angiocrine signals from vascular niche balance liver regeneration and
fibrosis. Nature 2014;505:97–102.

[81] Lemoinne S, Thabut D, Housset C, Moreau R, Valla D, Boulanger CM,
et al. The emerging roles of microvesicles in liver diseases. Nat Rev
Gastroenterol Hepatol 2014;11:350–361.

[82] Soares AR, Martins-Marques T, Ribeiro-Rodrigues T, Ferreira JV,
Catarino S, Pinho MJ, et al. Gap junctional protein Cx43 is involved in
the communication between extracellular vesicles and mammalian
cells. Sci Rep 2015;19:13243.

[83] Cogliati B, Crespo YS, Da Silva TC, Aloia TP, Nogueira MS, Real-Lima
MA, et al. Connexin32 deficiency exacerbates carbon tetrachloride-
induced hepatocellular injury and liver fibrosis in mice. Toxicol Mech
Methods 2016;26:362–370.

[84] Nakata Y, Iwai M, Kimura S, Shimazu T. Prolonged decrease in hepatic
connexin32 in chronic liver injury induced by carbon tetrachloride in
rats. J Hepatol 1996;25:529–537.

[85] Oloris SC, Mesnil M, Reis VN, Sakai M, Matsuzaki P, Fonseca ES, et al.
Hepatic granulomas induced by Schistosoma mansoni in mice defi-
cient for connexin 43 present lower cell proliferation and higher
collagen content. Life Sci 2007;80:1228–1235.

[86] Hernandez-Guerra M, Gonzalez-Mendez Y, de Ganzo ZA, Salido E,
Garcia-Pagan JC, Abrante B, et al. Role of gap junctions modulating
hepatic vascular tone in cirrhosis. Liver Int 2014;34:859–868.

[87] Fallon MB, Nathanson MH, Mennone A, Saez JC, Burgstahler AD,
Anderson JM. Altered expression and function of hepatocyte gap
junctions after common bile duct ligation in the rat. Am J Physiol
1995;268:C1186–C1194.

[88] Kojima T, Yamamoto T, Murata M, Lan M, Takano K, Go M, et al. Role of
the p38 MAP-kinase signaling pathway for Cx32 and claudin-1 in the
rat liver. Cell Commun Adhes 2003;10:437–443.

[89] Cogliati B, Da Silva TC, Aloia TP, Chaible LM, Real-Lima MA, Sanches DS,
et al. Morphological and molecular pathology of CCL4-induced hepatic
fibrosis in connexin43-deficient mice. Microsc Res Tech 2011;74:
421–429.

[90] Mesnil M, Fitzgerald DJ, Yamasaki H. Phenobarbital specifically reduces
gap junctionproteinmRNA level in rat liver.MolCarcinog1988;1:79–81.

[91] Garner RC, McLean AE. Increased susceptibility to carbon tetrachloride
poisoning in the rat after pretreatment with oral phenobarbitone.
Biochem Pharmacol 1969;18:645–650.

JOURNAL 
OF HEPATOLOGY

Journal of Hepatology 2019 vol. 70 j 759–772 769

http://refhub.elsevier.com/S0168-8278(18)32643-6/h0235
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0235
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0240
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0240
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0240
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0245
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0245
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0245
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0250
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0250
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0250
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0255
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0255
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0255
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0260
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0260
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0260
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0265
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0265
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0265
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0270
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0270
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0270
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0275
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0275
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0275
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0275
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0280
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0280
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0280
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0285
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0285
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0285
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0285
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0290
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0290
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0290
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0295
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0295
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0295
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0295
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0300
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0300
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0300
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0300
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0305
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0305
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0305
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0305
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0310
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0310
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0310
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0310
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0315
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0315
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0315
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0315
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0320
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0320
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0320
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0325
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0325
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0325
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0330
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0330
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0330
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0335
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0335
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0335
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0335
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0340
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0340
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0340
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0345
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0345
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0345
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0350
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0350
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0350
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0355
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0355
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0355
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0355
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0360
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0360
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0360
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0365
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0365
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0370
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0370
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0370
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0370
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0375
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0375
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0375
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0375
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0375
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0375
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0380
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0380
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0380
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0380
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0385
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0385
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0385
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0390
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0390
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0390
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0395
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0395
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0395
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0395
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0400
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0400
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0400
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0405
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0405
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0405
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0410
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0410
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0410
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0410
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0415
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0415
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0415
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0415
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0420
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0420
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0420
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0425
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0425
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0425
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0425
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0430
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0430
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0430
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0435
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0435
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0435
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0435
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0440
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0440
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0440
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0445
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0445
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0445
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0445
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0450
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0450
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0455
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0455
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0455


[92] Crespo YS, Da Silva TC, Pereira IVA, Willebrords J, Maes M, Sayuri NM,
et al. TAT-Gap19 and carbenoxolone alleviate liver fibrosis in mice. Int
J Mol Sci 2018;19.

[93] Feig JL, Mediero A, Corciulo C, Liu H, Zhang J, Perez-Aso M, et al. The
antiviral drug tenofovir, an inhibitor of Pannexin-1-mediated ATP
release, prevents liver and skin fibrosis by downregulating adenosine
levels in the liver and skin. PLoS ONE 2017;12 e0188135.

[94] Hernandez-Guerra M, Garcia-Pagan JC, Bosch J. Increased hepatic
resistance: a new target in the pharmacologic therapy of portal
hypertension. J Clin Gastroenterol 2005;39:S131–S137.

[95] Bathal PS, Grossmann HJ. Reduction of the increased portal vascular
resistance of the isolated perfused cirrhotic rat liver by vasodilators. J
Hepatol 1985;1:325–329.

[96] Gupta TK, Toruner M, Chung MK, Groszmann RJ. Endothelial dysfunc-
tion and decreased production of nitric oxide in the intrahepatic
microcirculation of cirrhotic rats. Hepatology 1998;28:926–931.

[97] Chaytor AT, Evans WH, Griffith TM. Central role of heterocellular gap
junctional communication in endothelium-dependent relaxations of
rabbit arteries. J Physiol 1998;508:561–573.

[98] Tallini YN, Brekke JF, Shui B, Doran R, Hwang SM, Nakai J, et al.
Propagated endothelial Ca2+ waves and arteriolar dilation in vivo:
measurements in Cx40BAC GCaMP2 transgenic mice. Circ Res
2007;101:1300–1309.

[99] Begandt D, Good ME, Keller AS, DeLalio LJ, Rowley C, Isakson BE, et al.
Pannexin channel and connexin hemichannel expression in vascular
function and inflammation. BMC Cell Biol 2017;18:2.

[100] Shiojiri N, Niwa T, Sugiyama Y, Koike T. Preferential expression of
connexin37 and connexin40 in the endothelium of the portal veins
during mouse liver development. Cell Tissue Res 2006;324:547–552.

[101] Gabriels JE, Paul DL. Connexin43 is highly localized to sites of disturbed
flow in rat aortic endothelium but connexin37 and connexin40 are
more uniformly distributed. Circ Res 1998;83:636–643.

[102] Toyofuku T, Yabuki M, Otsu K, Kuzuya T, Hori M, Tada M. Intercellular
calcium signaling via gap junction in connexin-43-transfected cells. J
Biol Chem 1998;273:1519–1528.

[103] Poisson J, Lemoinne S, Boulanger C, Durand F, Moreau R, Valla D, et al.
Liver sinusoidal endothelial cells: physiology and role in liver diseases.
J Hepatol 2017;66:212–227.

[104] Shah V, Toruner M, Haddad F, Cadelina G, Papapetropoulos A, Choo K,
et al. Impaired endothelial nitric oxide synthase activity associated
with enhanced caveolin binding in experimental cirrhosis in the Rat.
Gastroenterology 1999;117:1222–1228.

[105] Schubert AL, Schubert W, Spray DC, Lisanti MP. Connexin family
members target to lipid raft domains and interact with caveolin-1.
Biochemistry 2002;41:5754–5764.

[106] Inai T, Mancuso MR, McDonald DM, Kobayashi J, Nakamura K, Shibata
Y. Shear stress-induced upregulation of connexin 43 expression in
endothelial cells on upstream surfaces of rat cardiac valves. Histochem
Cell Biol 2004;122:477–483.

[107] Pfenniger A, Wong C, Sutter E, Cuhlmann S, Dunoyer-Geindre S, Mach
F, et al. Shear stress modulates the expression of the atheroprotective
protein Cx37 in endothelial cells. J Mol Cell Cardiol 2012;53:299–309.

[108] EASL. clinical practice guidelines on the management of ascites,
spontaneous bacterial peritonitis, and hepatorenal syndrome in
cirrhosis. J Hepatol 2010;53:397–417.

[109] Barriere E, Tazi KA, Rona JP, Pessione F, Heller J, Lebrec D, et al.
Evidence for an endothelium-derived hyperpolarizing factor in the
superior mesenteric artery from rats with cirrhosis. Hepatology
2000;32:935–941.

[110] Griffith TM, Chaytor AT, Edwards DH. The obligatory link: role of gap
junctional communication in endothelium-dependent smooth muscle
hyperpolarization. Pharmacol Res 2004;49:551–564.

[111] Mather S, Dora KA, Sandow SL, Winter P, Garland CJ. Rapid endothelial
cell-selective loading of connexin 40 antibody blocks endothelium-
derived hyperpolarizing factor dilation in rat small mesenteric arter-
ies. Circ Res 2005;97:399–407.

[112] Bolognesi M, Zampieri F, Di PM, Verardo A, Turato C, Calabrese F, et al.
Increased myoendothelial gap junctions mediate the enhanced
response to epoxyeicosatrienoic acid and acetylcholine in mesenteric
arterial vessels of cirrhotic rats. Liver Int 2011;31:881–890.

[113] Lima B, Forrester MT, Hess DT, Stamler JS. S-nitrosylation in cardio-
vascular signaling. Circ Res 2010;106:633–646.

[114] Straub AC, Billaud M, Johnstone SR, Best AK, Yemen S, Dwyer ST, et al.
Compartmentalized connexin 43 s-nitrosylation/denitrosylation reg-
ulates heterocellular communication in the vessel wall. Arterioscler
Thromb Vasc Biol 2011;31:399–407.

[115] Hadjihambi A, De CF, Hosford PS, Habtetion A, Karagiannis A, Davies N,
et al. Ammonia mediates cortical hemichannel dysfunction in rodent
models of chronic liver disease. Hepatology 2017;65:1306–1318.

[116] Nathanson MH, Rios-Velez L, Burgstahler AD, Mennone A. Communi-
cation via gap junctions modulates bile secretion in the isolated
perfused rat liver. Gastroenterology 1999;116:1176–1183.

[117] Serriere V, Berthon B, Boucherie S, Jacquemin E, Guillon G, Claret M,
et al. Vasopressin receptor distribution in the liver controls calcium
wave propagation and bile flow. FASEB J 2001;15:1484–1486.

[118] Temme A, Stumpel F, Sohl G, Rieber EP, Jungermann K, Willecke K,
et al. Dilated bile canaliculi and attenuated decrease of nerve-
dependent bile secretion in connexin32-deficient mouse liver. Pflugers
Arch 2001;442:961–966.

[119] Yang J, Ichikawa A, Tsuchiya T. A novel function of connexin 32:
marked enhancement of liver function in a hepatoma cell line.
Biochem Biophys Res Commun 2003;307:80–85.

[120] Metz J, Aoki A, Merlo M, Forssmann WG. Morphological alterations
and functional changes of interhepatocellular junctions induced by
bile duct ligation. Cell Tissue Res 1977;182:299–310.

[121] Traub O, Druge PM, Willecke K. Degradation and resynthesis of gap
junction protein in plasma membranes of regenerating liver after
partial hepatectomy or cholestasis. Proc Natl Acad Sci U S A
1983;80:755–759.

[122] Boucherie S, Koukoui O, Nicolas V, Combettes L. Cholestatic bile acids
inhibit gap junction permeability in rat hepatocyte couplets and
normal rat cholangiocytes. J Hepatol 2005;42:244–251.

[123] Marra F, Svegliati-Baroni G. Lipotoxicity and the gut-liver axis in NASH
pathogenesis. J Hepatol 2017;14.

[124] Sagawa H, Naiki-Ito A, Kato H, Naiki T, Yamashita Y, Suzuki S, et al.
Connexin 32 and luteolin play protective roles in non-alcoholic
steatohepatitis development and its related hepatocarcinogenesis in
rats. Carcinogenesis 2015;36:1539–1549.

[125] Tiburcio TC, Willebrords J, Da Silva TC, Pereira IV, Nogueira MS,
Crespo YS, et al. Connexin32 deficiency is associated with liver injury,
inflammation and oxidative stress in experimental non-alcoholic
steatohepatitis. Clin Exp Pharmacol Physiol 2017;44:197–206.

[126] Willebrords J, Cogliati B, Pereira IVA, Da Silva TC, Crespo YS, Maes M,
et al. Inhibition of connexin hemichannels alleviates non-alcoholic
steatohepatitis in mice. Sci Rep 2017;7:8268.

[127] Prasad Sakamuri SS, Sukapaka M, Prathipati VK, Nemani H, Putcha UK,
Pothana S, et al. Carbenoxolone treatment ameliorated metabolic
syndrome in WNIN/Ob obese rats, but induced severe fat loss and
glucose intolerance in lean rats. PLoS one 2012;7 e50216.

[128] Willebrords J, Maes M, Pereira IVA, Da Silva TC, Govoni VM, Lopes VV,
et al. Protective effect of genetic deletion of pannexin1 in experimen-
tal mouse models of acute and chronic liver disease. Biochim Biophys
Acta 2018;1864:819–830.

[129] Crespo YS, Willebrords J, Johnstone SR, Maes M, Decrock E, De BM,
et al. Pannexin1 as mediator of inflammation and cell death. Biochim
Biophys Acta 2017;1864:51–61.

[130] Xiao F, Waldrop SL, Khimji AK, Kilic G. Pannexin1 contributes to
pathophysiological ATP release in lipoapoptosis induced by saturated
free fatty acids in liver cells. Am J Physiol Cell Physiol 2012;303:
C1034–C1044.

[131] Loewenstein WR, Kanno Y. Intercellular communication and the
control of tissue growth: lack of communication between cancer
cells. Nature 1966;209:1248–1249.

[132] Loewenstein WR, Rose B. The cell-cell channel in the control of
growth. Semin Cell Biol 1992;3:59–79.

[133] Moennikes O, Buchmann A, Ott T, Willecke K, Schwarz M. The effect of
connexin32 null mutation on hepatocarcinogenesis in different mouse
strains. Carcinogenesis 1999;20:1379–1382.

[134] Temme A, Buchmann A, Gabriel HD, Nelles E, Schwarz M, Willecke K.
High incidence of spontaneous and chemically induced liver tumors in
mice deficient for connexin32. Curr Biol 1997;7:713–716.

[135] Kato H, Naiki-Ito A, Naiki T, Suzuki S, Yamashita Y, Sato S, et al.
Connexin 32 dysfunction promotes ethanol-related hepatocarcinogen-
esis via activation of Dusp1-Erk axis. Oncotarget 2016;7:2009–2021.

[136] Shimizu K, Onishi M, Sugata E, Sokuza Y, Mori C, Nishikawa T, et al.
Disturbance of DNA methylation patterns in the early phase of
hepatocarcinogenesis induced by a choline-deficient L-amino acid-
defined diet in rats. Cancer Sci 2007;98:1318–1322.

[137] Tsujiuchi T, Shimizu K, Itsuzaki Y, Onishi M, Sugata E, Fujii H, et al. CpG
site hypermethylation of E-cadherin and Connexin26 genes in hepa-
tocellular carcinomas induced by a choline-deficient L-Amino Acid-
defined diet in rats. Mol Carcinog 2007;46:269–274.

Review

770 Journal of Hepatology 2019 vol. 70 j 759–772

http://refhub.elsevier.com/S0168-8278(18)32643-6/h0460
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0460
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0460
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0465
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0465
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0465
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0465
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0470
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0470
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0470
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0475
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0475
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0475
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0480
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0480
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0480
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0485
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0485
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0485
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0490
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0490
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0490
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0490
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0495
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0495
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0495
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0500
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0500
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0500
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0505
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0505
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0505
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0510
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0510
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0510
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0515
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0515
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0515
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0520
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0520
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0520
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0520
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0525
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0525
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0525
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0530
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0530
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0530
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0530
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0535
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0535
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0535
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0540
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0540
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0540
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0545
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0545
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0545
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0545
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0550
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0550
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0550
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0555
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0555
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0555
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0555
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0560
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0560
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0560
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0560
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0565
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0565
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0570
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0570
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0570
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0570
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0575
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0575
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0575
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0580
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0580
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0580
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0585
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0585
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0585
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0590
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0590
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0590
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0590
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0595
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0595
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0595
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0600
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0600
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0600
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0605
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0605
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0605
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0605
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0610
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0610
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0610
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0615
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0615
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0620
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0620
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0620
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0620
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0625
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0625
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0625
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0625
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0630
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0630
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0630
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0635
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0635
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0635
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0635
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0640
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0640
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0640
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0640
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0645
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0645
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0645
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0650
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0650
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0650
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0650
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0655
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0655
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0655
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0660
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0660
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0665
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0665
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0665
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0670
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0670
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0670
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0675
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0675
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0675
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0680
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0680
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0680
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0680
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0685
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0685
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0685
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0685


[138] Dagli ML, Yamasaki H, Krutovskikh V, Omori Y. Delayed liver
regeneration and increased susceptibility to chemical hepatocarcino-
genesis in transgenic mice expressing a dominant-negative mutant of
connexin32 only in the liver. Carcinogenesis 2004;25:483–492.

[139] Igarashi I, Makino T, Suzuki Y, Kai K, Teranishi M, Takasaki W, et al.
Background lesions during a 24-month observation period in connexin
32-deficient mice. J Vet Med Sci 2013;75:207–210.

[140] Yang Y, Zhu J, Zhang N, Zhao Y, Li WY, Zhao FY, et al. Impaired gap
junctions in human hepatocellular carcinoma limit intrinsic oxali-
platin chemosensitivity: a key role of connexin 26. Int J Oncol
2016;48:703–713.

[141] Yu M, Zou Q, Wu X, Han G, Tong X. Connexin 32 affects doxorubicin
resistance in hepatocellular carcinoma cells mediated by Src/FAK
signaling pathway. Biomed Pharmacother 2017;95:1844–1852.

[142] Yang Y, Qin SK, Wu Q, Wang ZS, Zheng RS, Tong XH, et al. Connexin-
dependent gap junction enhancement is involved in the synergistic
effect of sorafenib and all-trans retinoic acid on HCC growth inhibi-
tion. Oncol Rep 2014;31:540–550.

[143] Krutovskikh V, Mazzoleni G, Mironov N, Omori Y, Aguelon AM, Mesnil
M, et al. Altered homologous and heterologous gap-junctional inter-
cellular communication in primary human liver tumors associated
with aberrant protein localization but not gene mutation of connexin
32. Int J Cancer 1994;56:87–94.

[144] Oyamada M, Krutovskikh VA, Mesnil M, Partensky C, Berger F,
Yamasaki H. Aberrant expression of gap junction gene in primary
human hepatocellular carcinomas: increased expression of
cardiac-type gap junction gene connexin 43. Mol Carcinog
1990;3:273–278.

[145] Wang ZS, Wu LQ, Yi X, Geng C, Li YJ, Yao RY. Connexin-43 can delay
early recurrence and metastasis in patients with hepatitis B-related
hepatocellular carcinoma and low serum alpha-fetoprotein after
radical hepatectomy. BMC Cancer 2013;24:306.

[146] Zhang D, Kaneda M, Nakahama K, Arii S, Morita I. Connexin 43
expression promotes malignancy of HuH7 hepatocellular carcinoma
cells via the inhibition of cell-cell communication. Cancer Lett
2007;252:208–215.

[147] Kawasaki Y, Kubomoto A, Yamasaki H. Control of intracellular
localization and function of Cx43 by SEMA3F. J Membr Biol
2007;217:53–61.

[148] Ogawa K, Pitchakarn P, Suzuki S, Chewonarin T, Tang M, Takahashi S,
et al. Silencing of connexin 43 suppresses invasion, migration and lung
metastasis of rat hepatocellular carcinoma cells. Cancer Sci
2012;103:860–867.

[149] Jamieson S, Going JJ, D’Arcy R, George WD. Expression of gap junction
proteins connexin 26 and connexin 43 in normal human breast and in
breast tumours. J Pathol 1998;184:37–43.

[150] Du K, Williams CD, McGill MR, Xie Y, Farhood A, Vinken M, et al. The
gap junction inhibitor 2-aminoethoxy-diphenyl-borate protects
against acetaminophen hepatotoxicity by inhibiting cytochrome
P450 enzymes and c-jun N-terminal kinase activation. Toxicol Appl
Pharmacol 2013;273:484–491.

[151] Maes M, McGill MR, Da-Silva TC, Lebofsky M, Maria Monteiro de
Araújo C, Tiburcio T, et al. Connexin32: a mediator of acetaminophen-
induced liver injury? Toxicol Mech Methods 2016;26:88–96.

[152] Richard G, White TW, Smith LE, Bailey RA, Compton JG, Paul DL, et al.
Functional defects of Cx26 resulting from a heterozygous missense
mutation in a family with dominant deaf-mutism and palmoplantar
keratoderma. Hum Genet 1998;103:393–399.

[153] Labarthe MP, Bosco D, Saurat JH, Meda P, Salomon D. Upregulation of
connexin 26 between keratinocytes of psoriatic lesions. J Invest
Dermatol 1998;111:72–76.

[154] Kelsell DP, Dunlop J, Stevens HP, Lench NJ, Liang JN, Parry G, et al.
Connexin 26 mutations in hereditary non-syndromic sensorineural
deafness. Nature 1997;387:80–83.

[155] Tran Van NG, Clair C, Bruzzone R, Mesnil M, Sansonetti P, Combettes L.
Connexin-dependent inter-cellular communication increases invasion
and dissemination of Shigella in epithelial cells. Nat Cell Biol
2003;5:720–726.

[156] Stewart MK, Bechberger JF, Welch I, Naus CC, Laird DW. Cx26
knockout predisposes the mammary gland to primary mammary
tumors in a DMBA-induced mouse model of breast cancer. Oncotarget
2015;6:37185–37199.

[157] Grifa A, Wagner CA, D’Ambrosio L, Melchionda S, Bernardi F, Lopez-
Bigas N, et al. Mutations in GJB6 cause nonsyndromic autosomal
dominant deafness at DFNA3 locus. Nat Genet 1999;23:16–18.

[158] Lamartine J, Munhoz EG, Kibar Z, Lanneluc I, Callouet E, Laoudj D, et al.
Mutations in GJB6 cause hidrotic ectodermal dysplasia. Nat Genet
2000;26:142–144.

[159] Richard G, Brown N, Rouan F, Van der Schroeff JG, Bijlsma E,
Eichenfield LF, et al. Genetic heterogeneity in erythrokeratodermia
variabilis: novel mutations in the connexin gene GJB4 (Cx30.3) and
genotype-phenotype correlations. J Invest Dermatol 2003;120:
601–609.

[160] Xia JH, Liu CY, Tang BS, Pan Q, Huang L, Dai HP, et al. Mutations in the
gene encoding gap junction protein beta-3 associated with autosomal
dominant hearing impairment. Nat Genet 1998;20:370–373.

[161] Pannasch U, Freche D, Dallerac G, Ghezali G, Escartin C, Ezan P, et al.
Connexin 30 sets synaptic strength by controlling astroglial synapse
invasion. Nat Neurosci 2014;17:549–558.

[162] Liu XZ, Yuan Y, Yan D, Ding EH, Ouyang XM, Fei Y, et al. Digenic
inheritance of non-syndromic deafness caused by mutations at the
gap junction proteins Cx26 and Cx31. Hum Genet 2009;125:53–62.

[163] Bergoffen J, Scherer SS, Wang S, Scott MO, Bone LJ, Paul DL, et al.
Connexin mutations in X-linked Charcot-Marie-Tooth disease. Science
1993;262:2039–2042.

[164] Cigliola V, Populaire C, Pierri CL, Deutsch S, Haefliger JA, Fadista J, et al.
A variant of GJD2, encoding for Connexin 36, alters the function of
insulin producing beta-cells. PLoS one 2016;11 e0150880.

[165] Park SJ, Lee KS, Kim SR, Min KH, Lee KY, Choe YH, et al. Change of
connexin 37 in allergen-induced airway inflammation. Exp Mol Med
2007;39:629–640.

[166] Gollob MH, Jones DL, Krahn AD, Danis L, Gong XQ, Shao Q, et al.
Somatic mutations in the connexin 40 gene (GJA5) in atrial fibrillation.
N Engl J Med 2006;354:2677–2688.

[167] Dupont E, Ko Y, Rothery S, Coppen SR, Baghai M, Haw M, et al.
The gap-junctional protein connexin40 is elevated in patients
susceptible to postoperative atrial fibrillation. Circulation 2001;103:
842–849.

[168] Wagner C, de Wit C, Kurtz L, Grunberger C, Kurtz A, Schweda F.
Connexin40 is essential for the pressure control of renin synthesis and
secretion. Circ Res 2007;100:556–563.

[169] Zhang J, Wang W, Sun J, Li Q, Liu J, Zhu H, et al. Gap junction channel
modulates pulmonary vascular permeability through calcium in acute
lung injury: an experimental study. Respiration 2010;80:236–245.

[170] Paznekas WA, Boyadjiev SA, Shapiro RE, Daniels O, Wollnik B, Keegan
CE, et al. Connexin 43 (GJA1) mutations cause the pleiotropic
phenotype of oculodentodigital dysplasia. Am J Hum Genet
2003;72:408–418.

[171] Laird DW. Syndromic and non-syndromic disease-linked Cx43 muta-
tions. FEBS Lett 2014;588:1339–1348.

[172] Richardson RJ, Joss S, Tomkin S, Ahmed M, Sheridan E, Dixon MJ. A
nonsense mutation in the first transmembrane domain of connexin 43
underlies autosomal recessive oculodentodigital syndrome. J Med
Genet 2006;43 e37.

[173] Paznekas WA, Karczeski B, Vermeer S, Lowry RB, Delatycki M,
Laurence F, et al. GJA1 mutations, variants, and connexin 43 dysfunc-
tion as it relates to the oculodentodigital dysplasia phenotype. Hum
Mutat 2009;30:724–733.

[174] Loddenkemper T, Grote K, Evers S, Oelerich M, Stogbauer F. Neuro-
logical manifestations of the oculodentodigital dysplasia syndrome. J
Neurol 2002;249:584–595.

[175] Britz-Cunningham SH, Shah MM, Zuppan CW, Fletcher WH. Mutations
of the Connexin43 gap-junction gene in patients with heart
malformations and defects of laterality. N Engl J Med 1995;332:
1323–1329.

[176] Trovato-Salinaro A, Trovato-Salinaro E, Failla M, Mastruzzo C,
Tomaselli V, Gili E, et al. Altered intercellular communication in lung
fibroblast cultures from patients with idiopathic pulmonary fibrosis.
Respir Res 2006;27:122.

[177] Sedhom MA, Pichery M, Murdoch JR, Foligne B, Ortega N, Normand S,
et al. Neutralisation of the interleukin-33/ST2 pathway ameliorates
experimental colitis through enhancement of mucosal healing in mice.
Gut 2013;62:1714–1723.

[178] Saez CG, Velasquez L, Montoya M, Eugenin E, Alvarez MG. Increased
gap junctional intercellular communication is directly related to the
anti-tumor effect of all-trans-retinoic acid plus tamoxifen in a human
mammary cancer cell line. J Cell Biochem 2003;89:450–461.

[179] Mackay D, Ionides A, Kibar Z, Rouleau G, Berry V, Moore A, et al.
Connexin46 mutations in autosomal dominant congenital cataract.
Am J Hum Genet 1999;64:1357–1364.

JOURNAL 
OF HEPATOLOGY

Journal of Hepatology 2019 vol. 70 j 759–772 771

http://refhub.elsevier.com/S0168-8278(18)32643-6/h0690
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0690
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0690
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0690
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0695
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0695
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0695
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0700
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0700
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0700
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0700
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0705
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0705
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0705
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0710
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0710
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0710
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0710
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0715
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0715
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0715
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0715
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0715
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0720
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0720
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0720
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0720
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0720
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0725
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0725
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0725
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0725
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0730
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0730
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0730
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0730
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0735
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0735
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0735
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0740
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0740
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0740
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0740
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0745
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0745
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0745
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0750
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0750
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0750
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0750
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0750
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0755
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0755
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0755
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0760
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0760
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0760
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0760
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0765
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0765
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0765
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0770
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0770
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0770
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0775
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0775
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0775
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0775
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0780
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0780
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0780
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0780
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0785
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0785
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0785
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0790
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0790
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0790
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0795
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0795
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0795
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0795
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0795
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0800
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0800
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0800
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0805
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0805
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0805
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0810
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0810
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0810
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0815
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0815
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0815
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0820
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0820
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0820
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0825
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0825
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0825
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0830
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0830
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0830
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0835
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0835
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0835
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0835
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0840
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0840
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0840
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0845
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0845
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0845
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0850
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0850
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0850
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0850
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0855
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0855
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0860
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0860
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0860
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0860
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0865
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0865
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0865
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0865
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0870
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0870
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0870
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0875
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0875
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0875
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0875
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0880
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0880
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0880
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0880
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0885
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0885
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0885
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0885
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0890
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0890
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0890
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0890
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0895
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0895
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0895


[180] Uhlenberg B, Schuelke M, Ruschendorf F, Ruf N, Kaindl AM, Henneke
M, et al. Mutations in the gene encoding gap junction protein alpha 12
(connexin 46.6) cause Pelizaeus-Merzbacher-like disease. Am J Hum
Genet 2004;75:251–260.

[181] Ferrell RE, Baty CJ, Kimak MA, Karlsson JM, Lawrence EC, Franke-
Snyder M, et al. GJC2 missense mutations cause human lymphedema.
Am J Hum Genet 2010;86:943–948.

[182] Shiels A, Mackay D, Ionides A, Berry V, Moore A, Bhattacharya S. A
missense mutation in the human connexin50 gene (GJA8) underlies

autosomal dominant ‘‘zonular pulverulent” cataract, on chromosome
1q. Am J Hum Genet 1998;62:526–532.

[183] Uchida Y, Matsuda K, Sasahara K, Kawabata H, Nishioka M.
Immunohistochemistry of gap junctions in normal and
diseased gastric mucosa of humans. Gastroenterology
1995;109:1492–1496.

[184] Bracken S, Byrne G, Kelly J, Jackson J, Feighery C. Altered gene
expression in highly purified enterocytes from patients with active
coeliac disease. BMC Genomics 2008;8:377.

Review

772 Journal of Hepatology 2019 vol. 70 j 759–772

http://refhub.elsevier.com/S0168-8278(18)32643-6/h0900
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0900
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0900
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0900
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0905
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0905
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0905
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0910
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0910
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0910
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0910
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0910
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0915
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0915
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0915
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0915
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0920
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0920
http://refhub.elsevier.com/S0168-8278(18)32643-6/h0920

	Connexin and gap junction alterations in disease
	Modulators of GJ function and targeting in diseases outside the liver
	Acute liver injury and inflammation
	Acute liver injury
	Lipopolysaccharide-induced liver injury
	Liver ischaemia and reperfusion

	Role of connexins in hepatic fibrosis
	Cirrhosis and its complications
	Portal hypertension
	Hepatic encephalopathy

	Cholestatic disease
	Non-alcoholic fatty liver disease
	Hepatocellular carcinoma
	Conclusions
	Financial support
	Conflict of interest
	Authors’ contributions
	Acknowledgements
	Supplementary data
	Supplementary data
	References
	Author names in bold designate shared co-first authorship


