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Abstract

Gap junctions, which mediate intercellular communication, are key players in digestive 

homeostasis. They are also frequently involved in gastrointestinal and liver pathology. This equally 

holds true for connexin hemichannels, the structural precursors of gap junctions, and pannexin 

channels, connexin-like proteins assembled in a hemichannel configuration. Both connexin 

hemichannels and pannexin channels facilitate extracellular communication and drive a number of 

deteriorative processes, such as cell death and inflammation. Connexins, pannexins and their 

channels underlie a wide spectrum of gastrointestinal and liver diseases, including gastritis and 

peptic ulcer disease, inflammatory intestinal conditions, acute liver failure, cholestasis, hepatitis 

and steatosis, liver fibrosis and cirrhosis, infectious gastrointestinal pathologies, and 

gastrointestinal and liver cancer. This could open promising perspectives for the characterization 

of new targets and biomarkers for therapeutic and diagnostic clinical purposes in the area of 

gastroenterology and hepatology.
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1. Introduction

Gap junctional intercellular communication (GJIC) relies on the exchange of small and 

hydrophilic substances between adjacent cells, including adenosine triphosphate (ATP), 

cyclic adenosine monophosphate and inositol triphosphate as well as ions (1-3). Hence, 

GJIC is considered a key mechanism in the maintenance of tissue functioning. In the 

gastrointestinal system, gap junctions indeed drive processes such as gastroduodenal (4) and 
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gut motility (5, 6), gastric acid secretion (7), gastric cytoprotection (8, 9) and intestinal 

innate immune defense (10). Similarly, GJIC underlies critical hepatic functions, including 

xenobiotic biotransformation (11-13) and plasma protein synthesis (14).

Gap junctions are composed of 2 hemichannels of neighboring cells, which in turn are 

composed of 6 connexin (Cx) proteins. Today, more than 20 different connexin species have 

been identified, all which are named after their molecular weight (15). Connexins share a 

structure consisting of 4 membrane-spanning domains, 2 extracellular loops, a cytoplasmic 

loop, a cytosolic N-terminal area and a C-terminal region (2, 3). Connexins are expressed in 

a tissue-specific way. Thus, gastric tissue produces Cx26, Cx32 and Cx43 (4, 8, 9, 16-20). 

At least 10 different connexin variants have been characterized in the intestinal system, 

namely Cx26, Cx31, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45 and Cx57 in the small intestine 

(6, 18, 20-23), and Cx26, Cx31, Cx31.1, Cx32, Cx36, Cx40, Cx43 and Cx45 in the colon 

(20, 24-32). As much as 5 connexin family members are detectable in liver, among which 

Cx26 and Cx32 are predominantly expressed by hepatocytes, while non-parenchymal liver 

cells harbor Cx37, Cx40 and Cx43 (19, 33-35) (Figure 1).

In the last decade, it has been well documented that connexin hemichannels, in addition to 

acting as structural precursors of gap junctions, also provide a pathway for communication, 

albeit between the cytosol and extracellular environment (36, 37). The messengers that 

permeate connexin hemichannels and pannexin channels show great overlap with those 

involved in GJIC. Nevertheless, although some physiological roles have been attributed to 

connexin hemichannels, in particular in the intestine (28), they primarily become active 

during disease. Furthermore, a novel class of connexin-like proteins was discovered in 2000, 

the pannexins, which gather in a configuration reminiscent of connexin hemichannels and 

that also facilitate extracellular communication (38). Only 3 pannexins (Panx) have yet been 

identified. Of those, Panx1 and Panx2 are expressed in gastric tissue (39, 40), the intestine 

(40, 41) and the liver (40, 42-47) (Figure 1). Recently, it has become clear that pannexin 

channels, like connexin hemichannels, are also essentially involved in pathological processes 

(41, 48-52). In this paper, the role of connexins, pannexins and their channels in 

gastrointestinal (Table 1) and liver (Table 2) disease is discussed.

2. Connexin and pannexin channels in gastrointestinal and hepatic 

pathology

2.1. Involvement of connexin signaling in gastric disease

2.1.1. Gastritis and peptic ulcer disease—Loss of GJIC has been associated with 

gastric ulcer formation. Electron microscopic studies of human gastric ulcers indeed showed 

a marked reduction of gap junction numbers. In areas of intestinal metaplasia, gap junctions 

have been occasionally seen between absorptive cells of the villi, but not in the lateral 

membranes of goblet cells (53). On the border of human gastric ulcers, Cx32 spots in the 

surface mucous cells are significantly fewer than in the surface mucous cells of the body and 

the antrum distant from the ulcer area. The majority of the foveolar cells adjacent to gastric 

erosions displays decreased or even absent Cx32 staining (54). Gastric expression of Cx32 is 

also reduced in experimentally induced atrophic gastritis in rat (55, 56).
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2.1.2. Infectious gastric disease—Helicobacter pylori colonizes the human stomach 

and confers an increased risk for the development of peptic ulceration, gastric 

adenocarcinoma and lymphoma. Among the various virulence factors secreted by 

Helicobacter pylori is cytotoxin-associated gene A (CagA), which is associated with gastric 

cancer (57). Indeed, CagA-positive Helicobacter pylori, especially the East Asian type, as 

well as CagA-negative strains abolish GJIC in cultured human gastric epithelial cells, which 

is accompanied by the inhibition of cell proliferation (58, 59). Upon administration of water 

extracts of CagA-positive Helicobacter pylori to rats, in which gastric ulcers were induced 

by acetic acid, healing and reappearance of Cx32 protein expression in gastric mucosa are 

significantly delayed (60). CagA-positive Helicobacter pylori also downregulates Cx43 

production in cultured human gastric carcinoma cells (61). Likewise, in precancerous gastric 

lesions of patients with Helicobacter pylori infection, especially with the CagA-positive 

variant, Cx32 and Cx43 levels are reduced compared to noninfected patients (62-64). This is 

paralleled by hypermethylation of their corresponding gene promoters (65). Eradication of 

Helicobacter pylori usually results in the restoration of connexin expression in human gastric 

cells both in vitro (61) and in vivo (62). Another toxin produced by Helicobacter pylori is 

vacuolating toxin A (VacA), which can cause multiple alterations in gastric epithelial cells, 

including cell death. In fact, it has been reported that Cx43 is a host cell constituent that 

contributes to VacA-induced cell death. Furthermore, variation among cell types in the 

susceptibility to VacA-induced cell death is attributable, at least in part, to cell type-specific 

differences in Cx43 production (66).

2.1.3. Miscellaneous gastric disease—Gastroparesis or delayed gastric emptying is a 

condition frequently seen in people with diabetes mellitus. Streptozotocin-induced diabetes 
mellitus in rats causes functional impairment of neuromuscular transmission, reduces the 

maximum activity of the electrogenic pump, increases the sensitivity of muscarinic 

receptors, negatively affects the sensitivity of adrenoceptors and decreases the myogenic 

activity in gastric smooth muscles (67). This has been linked to a reduced amount of gap 

junctions in interstitial cells of Cajal in the antrum (68). The number of gap junctions of 

muscle cells and interstitial cells of Cajal is also decreased in infantile hypertrophic pyloric 

stenosis, a functional gastric outlet obstruction as a result of hypertrophy and hyperplasia of 

the muscular layers of the pylorus (69). In addition, Cx43 protein production declines in 

spontaneous neonatal gastric perforation (70).

2.1.4. Gastric cancer—Cx26 becomes located in the cytoplasm in human gastric 

carcinoma and is associated with a biologically less aggressive phenotype and pathologic 

early stage of gastric carcinoma. For this reason, Cx26 has been proposed to act as a gastric 

tumor suppressor (16). In human and murine gastric tumors, Cx32 protein is strongly 

downregulated and is located in the cytosol (71, 72) or may even be absent (17, 54, 56). 

Overexpression of Cx32 in cultured human gastric cancer cells inhibits cell proliferation by 

upregulating the cell cycle inhibitors p21Cip1 and p27Kip1. This suggests that Cx32, like 

Cx26, may be a gastric tumor suppressor (72). Cx43 protein quantities are downregulated in 

human gastric tumors and correlate with the occurrence, development and metastatic 

potential of stomach cancers (73, 74). It has been suggested that Cx43-based GJIC between 

gastric cancer cells and mesothelial cells could represent an important regulatory step during 
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metastasis (75). Cx43 mRNA and protein expression is also negatively affected in human 

gastrointestinal stromal tumors of gastric origin (18), resulting in significantly reduced gap 

junction numbers (76). Interestingly, Cx30 is not expressed in normal human stomach, but 

becomes detectable in gastric cancer (77).

2.2. Involvement of connexin and pannexin signaling in intestinal disease

2.2.1. Inflammatory intestinal disease—Inflammatory bowel diseases are 

characterized by relapsing-remitting epithelial barrier dysfunction that is restricted to the 

colon, such as in ulcerative colitis, or that may affect any part of the gastrointestinal tract, 

like in Crohn’s disease. Cellular channels composed of Panx1 are assumed to play a major 

role in inflammatory bowel disease (41). Using mouse models of experimental colitis, it has 

been found that inflammation causes enteric neuron death by activating Panx1-based 

channels, which in turn leads to abnormal gut motility (78). Furthermore, Panx1 mRNA 

quantities are downregulated in the colonic mucosa and the muscularis externa of patients 

with Crohn’s disease as well as in the colonic muscularis externa of ulcerative colitis 

patients. However, this transcriptional deterioration is only reflected at the protein level in 

the muscularis externa of Crohn’s disease patients (41, 78). Cx43 is completely lost in 

colonic epithelium in experimental mouse models of acute ulceration and intestinal 

inflammation (29). In vitro studies pointed out that cells bearing an ulcerative colitis-

associated mutant form of Toll-like receptor 2 target Cx43 for increased proteasomal 

degradation, thus impairing GJIC necessary for intestinal mucosal healing (10). Similarly, 

Cx43 expression in enterocytes is negatively affected in a mouse model of necrotizing 

enterocolitis, which is the leading cause of death from gastrointestinal disease in premature 

infants. Specifically, release of interferon gamma induces Cx43 dephosphorylation and 

internalization, eventually resulting in suppression of GJIC. This impedes migration of 

enterocytes, which is crucial for healing (22). Other inflammatory mediators released in 

necrotizing enterocolitis, in particular nitric oxide, also compromise gap junction integrity 

(79).

2.2.2. Infectious intestinal disease—Shigella flexneri causes bacillary dysentery by 

invading colonic mucosa, where it triggers inflammation and destruction of epithelial cells. 

Upon invasion, Shigella flexneri induces the opening of Cx26-based hemichannels in an 

actin-dependent and phospholipase C-dependent way, which allows extracellular release of 

ATP. The latter then favors bacterial dissemination and spreading (49, 50). It has been 

further demonstrated that ATP release is an early alert response to infection that promotes 

inflammation of the gut. Of note, Shigella flexneri evolved to escape this inflammatory 

reaction by secreting imidazoleglycerol-phosphate dehydratase, which blocks ATP release 

through hemichannels composed of Cx26 via the lipid mediator phosphatidylinositol 5-

phosphate (80). An epidemiologic study recently showed a lower frequency of diarrhea in 

human carriers of genetic Cx26 variants, which might be related to an increased resistance to 

gastrointestinal infections (81). Another role for connexin hemichannels in infectious 

disease has been described for Citrobacter rodentium, which causes diarrhea. Upon infection 

of mouse colon, Citrobacter rodentium induces the expression of Cx43, which gathers in a 

hemichannel configuration at the apical and lateral membrane areas of colonocytes. Using 
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Cx43-deficient mice, it has been found that subsequent hemichannel opening results in water 

release and hence diarrhea (48).

2.2.3. Miscellaneous intestinal disease—Coeliac disease is an autoimmune disorder 

caused by gluten ingestion in genetically susceptible individuals. Enterocytes in the 

duodenum of patients with coeliac disease show upregulated Cx37 expression and protein 

staining predominantly in the cytoplasm of epithelial cells. It has been suggested that 

increased numbers of gap junctions in coeliac disease could promote the passage of 

immunostimulatory gluten peptides between cells along the epithelial boundary (21). 

Diverticular disease is one of the most common pathologic conditions affecting the 

gastrointestinal tract in Western countries. It results from the interplay between genetic 

factors, dietary habits and coexistence of other bowel abnormalities, including changes in 

colonic pressure, motility and wall structure. It is associated with reduced Cx26 and Cx43 

expression in human colonic circular and longitudinal muscle (27). Hirschsprung’s disease 

is a gastrointestinal disorder that occurs when the colon is devoid of ganglion cells, resulting 

in the lack of muscular activity. In line with the latter, patients with Hirschsprung’s disease 

show reduced Cx43 presence between interstitial cells of Cajal and smooth muscle cells in 

the colon (6).

2.2.4. Intestinal cancer—Cx32-deficient mice display an increased number of tumors in 

the small intestine upon X-ray radiation, suggesting that Cx32 behaves as an intestinal tumor 

suppressor (82, 83). A similar role has been attributed to Cx43 in colorectal cancer, since 

ectopic expression of Cx43 in human colon cancer cells reduces cell growth in soft agar 

cultures and in tumor xenografts (31). Expression of connexins, including Cx43, Cx32 and 

Cx26, is closely related to production of the adherens junction building stones E-cadherin 

and beta-catenin in human colorectal cancer (84). Connexin expression and localization are 

altered during carcinogenesis. Thus, Cx26 preferably resides in the cytoplasm of human 

colorectal epithelial cancer cells (26), where it is colocalized with the insulin-like growth 

factor-I receptor (85) as well as with proapoptotic Bax and antiapoptotic Bcl-xL (26). The 

relevance of this finding is unclear, but could suggest a gap junction-independent role for 

Cx26 in tumor cell turnover and colorectal cancer progression (85). Dot-like cytoplasmic 

and perinuclear Cx43 staining have also been noticed in human small intestinal stromal 

tumors (18, 86). Likewise, Cx43, but especially Cx32, is located in the cytoplasm rather than 

at the membrane surface of human colon cancer cells (87). This is associated with a shift 

from the phosphorylated to the nonphosphorylated Cx43 isoform (31).

Although contradicting results have been reported (32), overall Cx43 expression is 

downregulated in colon cancer cells (25), which is partly due to altered Wnt signaling. 

Mutations in the tumor suppressor gene adenomatous polyposis coli, a key player in the Wnt 

cascade, are early and critical events in colon cancer seen in the vast majority of human 

sporadic adenomas and carcinomas. In the absence of functional adenomatous polyposis 
coli, beta-catenin moves to the cell nucleus to influence the transcription of its target genes, 

including Cx43. The resulting reduction in Cx43 levels is accompanied by suppression of 

GJIC in the colonic mucosa (88). Cancer-related production of truncated adenomatous 
polyposis coli also reduces Cx32 content in Paneth cells of the murine small intestine (23). 
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In addition, Cx31.9 (89) and Cx45 (30) amounts are negatively affected in colon cancer. 

Although documented (24), mutations in connexin genes associated with cancer are rare. 

Rather, their downregulation results from epigenetic modifications. This has been well 

exemplified for Cx45, of which its gene promoter is hypermethylated in human colon cancer 

cells (30). Interestingly, while Cx36 is not expressed in colonic tissue, its gene promoter is 

aberrantly methylated in a mouse model of colorectal cancer (90). Other connexins are 

upregulated in intestinal cancer. This is the case for Cx26, which shows increased expression 

in metastatic colon cancer cells, but not in nonmetastatic counterparts. Therefore, Cx26 

might facilitate metastasis of colorectal tumors (91). In human and murine colon cancer 

cells, liver X receptor beta activation leads to pyroptosis by directly interacting with Panx1, 

thereby inducing extracellular ATP release and ultimately triggering inflammation and cell 

death (92).

2.3. Involvement of connexin and pannexin signaling in liver disease

2.3.1. Acute liver failure—Short-term administration of high doses of liver toxicants, 

including acetaminophen, thioacetamide, D-galactosamine and carbon tetrachloride, to 

Cx32-deficient mice or Cx32-dominant negative transgenic rats results in decreased alanine 

and aspartate amiotransferase serum levels as well as in less liver damage in comparison 

with wild-type animals (93-95). Similarly, ceramide synthase 2-null mice show Cx32 

mislocalization in the hepatocyte cytosol and gap junction dysfunction, and are resistant to 

acute liver damage induced by acetaminophen (96). Likewise, cultured hepatocyte doublets 

isolated from Cx32 knockout mice display reduced synchronized cell death after exposure to 

acetaminophen (97). These findings suggest a role for Cx32 signaling in the dissemination 

of damage signals activated by these chemicals or in the removal of defunct hepatocytes in 

order to restore homeostasis. However, a recent study demonstrated that Cx32 protects 

against acetaminophen-induced hepatic centrilobular necrosis in mice, which may be related 

to the exchange of glutathione between hepatocytes mediated by gap junctions (98). This 

complies with the many reports describing deterioration in Cx32 production and channel 

activity upon exposure of hepatocytes to liver toxicants in vitro and in vivo (99). During the 

early stages of centrilobular necrosis induced by single administration of thioacetamide to 

rats, liver gap junctions are still present, but they disappear in the course of the subsequent 

restorative proliferative response. Thereafter, gap junctions reappear, first in the perinecrotic 

region and eventually in all areas (100). Interestingly, hepatocytes of rats overdosed with 

acetaminophen show de novo expression of Cx43 that is colocalized with caspase 3, which 

could point to its involvement in cell death (94). This is supported by the observation that, in 

comparison with wild-type animals, hepatocyte damage and apoptosis are strongly reduced 

in Cx43-deficient mice that received carbon tetrachloride (101). In a study using an acute-

on-chronic liver failure rat model, strongly downregulated Cx32 expression and negligible 

Cx26 immunoreactivity were found in liver tissue. At the same time, increased Cx43-

positive puncta were observed, in particular in the vicinity of inflamed and necrotic areas 

(102).

2.3.2. Cholestasis—While liver gap junctions seem unaffected in clinical patients 

suffering from extrahepatic cholestasis (103, 104), they seem to be compromised in 

cholelithiasis (105). Nonetheless, hepatic gap junction numbers decrease upon bile duct 
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ligation in rodents and this is accompanied by a rapid drop in Cx32 amounts (102, 106-108), 

a process mediated by the p38 mitogen-activated protein kinase (108). Hepatic Cx26 

immunoreactivity also decreases, yet Cx43 production increases following bile duct ligation 

(102, 106). In addition, bile duct ligated Cx43 heterozygous knockout mice display less 

hepatic vein angiogenesis, while other parameters, such as biliary duct hyperplasia, remain 

unchanged (109).

2.3.3. Hepatitis, inflammation and lipotoxic liver injury—Decreased liver Cx32 

protein levels have been measured both in hepatitis patients (110, 111) and in laboratory 

rodents treated with lipopolysaccharide (107, 112, 113). This results from increased Cx32 

mRNA degradation by shortening of its poly(A) tail (114). Reduction of Cx32 in primary 

hepatocyte cultures by proinflammatory cytokines is mediated by mitogen-activated protein 

kinase and nuclear factor kappa beta signaling leading to suppression of GJIC (115). By 

contrast, liver Cx26 becomes upregulated under inflammatory conditions both in vitro and in 
vivo (113, 116). This also holds true for Cx43 in primary stellate cultures and primary 

Kupffer cell cultures, whereby GJIC becomes more intensified (117, 118). In fact, upon 

inflammatory challenge, Cx43 in Kupffer cells shuttles from the cytoplasm to the plasma 

membrane surface and forms functional gap junctions. Increases in Cx43 abundance have 

been equally observed during liver inflammation in vivo (107, 117). This is believed to 

reflect the activation of the macrophage activity of Kupffer cells in order to take care of 

debris clearance and apoptosis of damaged hepatocytes following inflammation (117). 

Furthermore, administration of lipopolysaccharide (43) as well as ischemia-reperfusion (44) 

elevates hepatic Panx1 levels in mice. Panx1 is instrumental for activating the 

inflammasome, a multiprotein complex involved in innate immunity and caspase 1 

activation, and subsequent processing and release of the proinflammatory cytokines 

interleukin 1 beta and interleukin 18 (119, 120). In addition, Panx1 supports ATP release 

during lipoapoptosis induced by saturated free fatty acids, a key morphologic and 

pathological feature of human nonalcoholic steatohepatitis. By doing so, Panx1-based 

channels play an important role in hepatic inflammation associated with lipotoxic liver 

injury (47).

2.3.4. Fibrosis and cirrhosis—Deterioration of the liver parenchyma in cirrhosis 

patients is paralleled by a decline in Cx32 protein levels and its relocalization in the 

cytoplasm of hepatocytes (110, 111, 121) as well as an increase in hepatic Cx43 expression 

(122). This has been experimentally reproduced in rodents treated for extended periods of 

time with carbon tetrachloride or thioacetamide (123), yet contradicting results have been 

obtained, especially with respect to alterations in Cx43 production, depending on the model 

used (122). The deleterious effects of carbon tetrachloride on gap junctions become 

manifested at doses that cause an increase in alanine aminotransferase serum levels (101). 

As is the case for Cx32 in hepatocytes, carbon tetrachloride induces a shift in the cellular 

localization of Cx26 and Cx43 from the cell plasma membrane surface to the cytoplasm and 

nuclei of sinusoidal endothelial cells. Similar observations have been made in cultures of 

spontaneously activated primary stellate cells, whereby both Cx26 and Cx43 reside in the 

perinuclear region (118). This could explain why stellate cells establish heterologous 

communication with hepatocytes under these conditions (124), whereas Cx32-based GJIC in 
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primary hepatocyte cultures is suppressed by carbon tetrachloride (125). In turn, these 

findings indicate active roles for cell type-specific connexins and associated channels in 

fibrogenesis. In this regard, increased Cx43 production, elevated proliferative activity and 

collagen content are seen in mouse liver upon induction of hepatic granulomas and 

concomitant fibrogenesis by Schistosoma mansoni. In a similar way, repetitive 

administration of carbon tetrachloride to Cx43-lacking mice results in the appearance of tick 

irregular collagen fibers, less necroinflammatory lesions, lower alanine aspartate 

aminotransferase serum levels and reduced hepatocyte proliferation compared to wild-type 

animals. It has been suggested that modified liver cell architecture in Cx43-deficient mice 

could jeopardize the exchange of growth and toxic signals between hepatocytes, which could 

explain lower proliferation and injury. Collectively, these observations show an active role 

for Cx43 in liver fibrogenesis (126).

2.3.5. Liver cancer—Hepatocellular carcinoma (HCC) accounts for as many as 90% of 

primary liver cancers and typically occurs within an established background of chronic liver 

disease. It has been well documented that HCC cells display reduced GJIC activity (14, 127, 

128). Reduction of Cx26 expression in HCC is due to epigenetic alterations, in particular 

DNA hypermethylation of its gene promoter (129, 130). In addition, Cx32 tends to 

accumulate in the cytoplasm of HCC cells. This promotes the motility and metastatic 

potential (131), a process that was shown to involve expansion of the cancer stem cell 

population through Cx32-mediated enhancement of cellular self-renewal (132). Another 

feature of HCC cells includes the appearance of Cx43 both in the cytoplasm and plasma 

membrane (133-135). The biological relevance of induced Cx43 expression in HCC, 

reminiscent of liver development, is not fully understood. It has been suggested that the 

extent of intracellular Cx43 localization is related to the malignant potential of the liver 

tumor (136). Furthermore, Cx43 production in HCC corresponds well with in vitro 
migration and invasion capacity, and in vivo metastatic ability in mice (137), though it can 

delay early recurrence, metastasis and poor prognosis after radical hepatectomy in human 

patients with hepatitis B-related HCC (135). Knockdown of Cx43 expression in HCC cells 

triggers cell cycle arrests and boosts the differentiated status in vitro, whereas inverse 

observations have been made in their Cx43-overexpressing counterparts. Moreover, both 

Cx32 expression levels and GJIC negatively correlate with Cx43 production in HCC cells. 

Cx43 might therefore be responsible for the malignancy of liver cancer cells and may thus 

act as a hepatic oncogene (138). By contrast, Cx32 knockout rodents display increased 

susceptibility to chemically induced hepatocarcinogenesis and hence Cx32 is considered as a 

liver tumor suppressor (139, 140).

3. Conclusion and perspectives

Because of their critical roles in tissue functionality, it is not surprising that connexins, 

pannexins and their channels are also frequently involved in gastrointestinal (Table 1) and 

liver (Table 2) disease. Indeed, connexin hemichannels have been found to facilitate bacterial 

infection in the intestine (48-50, 80) and cell death in the liver (51, 52). Likewise, pannexin 

channels act as goalkeepers of physiological ATP signaling, yet they also drive inflammatory 

processes (41-43, 47, 78). This might have important clinical implications. Thus, inhibition 
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of connexin hemichannels and pannexin channels could represent a novel strategy for the 

clinical management of a plethora of gastrointestinal and hepatic diseases. This will be 

cordially welcomed, as the latter currently constitute the fifth most common cause of death 

worldwide with an increasing economic burden on society (141, 142). A prerequisite in this 

context is the development of pharmacological inhibitors of these specific channel types. 

Most, if not all, of the presently used inhibitors of connexin hemichannels and pannexin 

channels also suppress gap junctions (143), which typically maintain normal tissue 

functioning. Great promise now lies with peptides that reproduce sequences in the cytosolic 

loop regions of connexins, as they suppress connexin hemichannel activity without affecting 

GJIC (144, 145). These compounds have been found to reduce experimentally induced cell 

death in mouse models of ischemia-reperfusion (146). Furthermore, a specific inhibitory 

Panx1 peptide has been demonstrated to counteract inflammation and to protect against cell 

death (147, 148). It remains to be established whether these compounds or derivatives 

thereof can also be used for the treatment of gastrointestinal and liver diseases.

In addition to serving as drug targets, connexin and pannexin proteins as such should be 

further scrutinized as diagnostic biomarkers that could expedite personalized medicine. In 

this context, gradually downregulated colonic expression of Cx43 (25, 31) and Cx26 (149) 

even as cytoplasmic presence of Cx32 (87) have been associated with reduced colon cancer 

patient survival. Similarly, cytoplasmic occurrence of Cx26 in human gastric carcinoma 

represents a less aggressive phenotype (16). As regards genetic profiling, C1019T Cx37 

gene polymorphism is indicative for human gastric cancer and Helicobacter pylori infection 

(150). Furthermore, colon cancer seems to have its own epigenetic signature, including 

altered methylation of the Cx45 (30) and Cx36 gene promoters (90), which also could serve 

as clinical readouts. This equally holds for human gastric cancers caused by Helicobacter 
pylori, whereby hypermethylated Cx32 and Cx43 gene promoters are observed (65). In liver 

disease, Cx43 becomes gradually upregulated in nonparenchymal liver cells and is even de 
novo expressed in hepatocytes at the expense of Cx32 (133-135). Nevertheless, it has been 

demonstrated that Cx43-positive expression in hepatitis B-HCC tissue is a predictor of lower 

early recurrence rates and better prognosis in patients with low alpha-fetoprotein serum 

levels (135). Although in its infancy, it seems that Panx1 could represent another biomarker 

of intestinal (41, 78) and hepatic (43) pathology, in particular by reflecting inflammatory 

conditions. It should be mentioned, however, that connexins and pannexins only have been 

studied thus far as intestinal and hepatic tissue biomarkers, thus necessitating biopsy. Future 

research in this direction should focus on their potential use as noninvasive serum 

biomarkers. Further exploration of connexins and pannexins as biomarkers is anticipated to 

open new avenues for the early and accurate diagnosis of gastrointestinal and liver disease in 

the upcoming years.
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Abbreviations

ATP adenosine triphosphate

CagA cytotoxin-associated gene A

Cx connexin

GJIC gap junctional intercellular communication

HCC hepatocellular carcinoma

Panx pannexin

VacA vacuolating toxin A
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Figure 1. Connexin and pannexin expression in liver, stomach, gallbladder, colon and small 
intestine
(references see Table 1 and 2).
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Table 1
Effects of gastrointestinal disease on human connexins and pannexins

Disease Effect References

Gastric cancer
Cytoplasmic Cx26

†
 protein localization

(16)

Upregulated Cx30 protein expression (77)

Cytoplasmic Cx32 protein localization (72, 73)

Downregulated Cx32 protein expression (17, 54, 72-74)

C1019T Cx37 gene polymorphism (150)

Cytoplasmic Cx43 protein localization (73)

Downregulated Cx43 mRNA and protein expression (18, 73-75)

Gastric ulcer Downregulated Cx32 protein expression (17, 54)

Spontaneous neonatal gastric 
perforation

Downregulated Cx43 mRNA and protein expression (70)

Gastric Helicobacter pylori infection Downregulated Cx32 mRNA and protein expression (62, 64)

Hypermethylated Cx32 gene promoter (65)

C1019T Cx37 gene polymorphism (150)

Downregulated Cx43 mRNA and protein expression (62, 64)

Hypermethylated Cx43 gene promoter (65)

Colon cancer Cytoplasmic Cx26 protein localization associated with Bax and Bcl-xL (26)

Cytoplasmic Cx26 protein localization associated with insulin-like growth factor-I 
receptor

(85)

Downregulated Cx31.9 mRNA expression (89)

Cytoplasmic Cx32 protein localization (87)

Cytoplasmic Cx43 protein localization (87)

Downregulated Cx43 protein expression (25)

Upregulated Cx43 protein expression (32)

Mutated Cx43 protein expression (24)

Altered Cx43 protein phosphorylation (31)

Downregulated Cx45 mRNA expression (30)

Hypermethylated Cx45 gene promoter (30)

Small intestine stromal cancer Cytoplasmic Cx43 protein localization (18, 86)

Inflammatory bowel disease Downregulated Cx43 protein expression (22)

Crohn’s disease
Downregulated Panx1

‡
 mRNA and protein expression

(41, 78)

Ulcerative disease Downregulated Panxl mRNA expression (41)

Coeliac disease Upregulated Cx37 mRNA and protein expression (21)

Diverticular disease Downregulated Cx26 protein expression (27)

Downregulated Cx43 protein expression (27)
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Disease Effect References

Hirschsprung’s disease Downregulated Cx43 protein expression (6)

†
Cx, connexin;

‡
Panx, pannexin
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Table 2
Effects of liver disease on human connexins

Disease Effect References

Chronic hepatitis
Cytoplasmic Cx32

†
 protein localization

(110)

Downregulated Cx32 protein expression (110, 111)

Cirrhosis Cytoplasmic Cx32 protein localization (110)

Downregulated Cx32 protein expression (110, 111, 115)

HCC
§ Downregulated Cx26 protein and mRNA expression (128)

Downregulated Cx32 protein and mRNA expression (14, 110, 121)

Cytoplasmic Cx32 protein localization (110, 128, 132)

Upregulated Cx43 protein and mRNA expression (134, 135, 138)

†
Cx, connexin;

§
HCC, hepatocellular carcinoma
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